Inferential measurement models for semi-autogenous grinding mills by Apelt, T. A.
T Walker & Company 
Bookb•nders 
RARE BOOKS W1 
The University of Sydney 
Copyright in relation to this thesis* 
Under the Copynght Act 1968 (several provision of which are 
referred to below), th1s thesis must be used only under the 
normal conditions of scholarly fair dealing for the purposes of 
research, criticism or review. In particular no results or 
conclusions should be extracted from it, nor should it be copied 
or closely paraphrased 1n whole or in part Without the written 
consent of the author. Proper wmten acknowledgement should 
be made for any assistance obtained from th1s thesiS. 
Under Section 3S (2) of the Copyright Act 1968 'the author of 
a literary, dramatiC, musical or artistic work IS the owner of 
any copynght subsisting in the work'. By v1rtue of Section 32( I) 
copyright 'subsists in an original literary, dramatiC, musical or 
artiStiC work that is unpublished' and of which the author was 
an Australian ciuzen,anAustralian protected person or a person 
res1dent 1n Austral1a. 
The Act, by Sect• on 36( I) prov1des: 'Subject to th1s Act. the 
copyright in a literary, dramatiC, musical or artistiC work IS 
1nfnnged by a person who, not be1ng the owner of the copynght 
and without the licence of the owner of the copyright, does 1n 
Australia, or authonses the domg m Australia of, any act 
comprised in the copynght'. 
Sect1on 31 (I )(a)(i) provides that copynght mcludes the exclus1ve 
right to 'reproduce the work in a material form'.Thus, copyright 
is mfnnged by a person who, not be1ng the owner of the 
copyright. reproduces or authonses the reproduction of a work, 
or of more than a reasonable part of the work, in a material 
form, unless the reproduction IS a 'fair dealing' with the work 
'for the purpose of research or study' as further defined 1n 
Sections -40 and -41 of the Act. 
Section 51 (2) provides that "Where a manuscnpt, or a copy. of 
a thesis or other similar literary work that has not been 
published IS kept in a library of a university or other s1m1lar 
mstitut1on or in an archives, the copynght in the thesis or other 
work IS not infringed by the mak1ng of a copy of the thesis or 
other work by or on behalf of the officer 1n charge of the 
library or archives if the copy is supplied to a person who 
satisfies an authonzed officer of the library or archives that he 
requires the copy for the purpose of research or study'. 
*'Thesis' includes 't reatise', dissertat ion' and other similar 
productions. 
0 
---------- ·------ . -----··· -.o·- -·- · ·- ··-· · 
Inferential Measurement Models 
for 
Semi-autogenous Grinding Mills 
T .A. APELT 
May 2, 2007 
A thesis submitted for the degree of 
Doctor of Philosophy 
of the 
University of Sydney 
• 
Department of Chemical Engineering 
University of Sydney 
New South Wales 2006 
AUSTRALIA 
ABSTRACT 
Semi-autogenous grinding (SAG) mill performance is influenced by ball charge, rock charge 
and feed properties which are difficult to measure directly. The development of inferential 
measurement models of SAG mill total charge and ball charge levels, feedrate and size 
distribution, and, mill discharge rate and size distribution and the further development of 
combined state and parameter estimation for SAG mills are the objectives of this research. 
Consultation with industry and a review of developments in this area found scope for 
further contribution. Results of circuit surveys of the Northparkes Mines Module 1 grinding 
circuit are utilised as reference data for model validation. The comminution models of the 
Julius Kruttschnitt Mineral Research Centre are utilised as reference for inferential model 
development. 
Inferential models are presented for SAG mill total and ball charge fractions, fresh feedrate 
and size distribution and discharge rate and size distribution, according to the research 
objectives. Inferential models are also introduced for the SAG mill recirculating load, rock 
charge, and total feed rate and size distribution and the primary cyclone underflow split 
fraction. The inferential models could be utilised in a SAG mill load control strategy, 
as a measure of SAG mill performance, as an indication of the primary grinding circuit 
operating conditions, or, any combination of these functions. 
Important model parameters are highlighted by sensitivity and uncertainty analyses pre-
sented for the inferential models of the SAG mill charge levels, discharge rate and size 
distribution and the fresh feedrate and size distribution. The results indicate that the mill 
charge level estimates obtained from the mill weight measurement contain the least uncer-
tainty and are therefore the recommended choice for charge level estimation. Uncertainty 
may be minimised through the utilisation of the best available mill weight measurement 
and periodic measurement of mill inside diameter and length. The non-linear nature of 
the powerdraw model results in a high degree of uncertainty in the total charge estimates 
obtained from the powerdraw measurement. 
Uncertainty in the mill discharge estimates may be minimised by ensuring that the accuracy 
of the oversize crusher and primary cyclone feed instrumentation is maintained through 
regular calibration and the periodic measurement of the SAG mill discharge screen aperture 
size and the process water specific gravity. · 
Uncertainty in the SAG mill fresh feed estimates may be minimised by ensuring the accu-
racy of the oversize crusher and primary cyclone feed instrumentation and the crusher gap 
setting. The SAG mill discharge grate parameters: pebble port size and relative open area 
fraction of the pebble ports, also strongly influence the size estimates and hence, should 
be fitted with due care. 
Combined state and parameter estimation formulations are developed for the SAG mill, 
according to the final research objective. The formulations incorporate novel models of 
the SAG mill ball charge, protective shell lining, mill weight measurement and discharge 
measurement. The system is detectable although not completely observable. Filter tuning 
parameter selection is crucial to formulation performance. The results indicate that the 
superior formulation incorporates a size-by-size SAG mill discharge measurement model, 
which provides better capacity to estimate important mill discharge grate parameters. The 
formulations also provide a suitable, positively supportive context for the inferent ial models 
presented in this research. 
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Plant data was sourced and the inferential measurement models are validated against it. 
The results confirm that the inferential measurement models are valid. Results analysis 
also reveal the potential for utilisation of the inferential measurement models in a process 
moni taring/ diagnostic capacity. 
The models are analysed further in terms of sensitivity and their inherent nature, which 
illustrates a limitation in the feedsize estimate model that should be noted when dealing 
with model results. Mill weight and powerdraw contours and a SAG mill operating curve 
are generated and presented in charge fraction and charge fraction - kilowatt-tonne spaces. 
The contours and operating curve are discussed in the context of mill charge control. 
A multi-variable, model predictive controller simulation is developed that utilises the in-
ferential measurement models for setpoint and constraint-control. The development of the 
controller incorporates transfer function relationships and the description of the SAG mill 
variables of powerdraw, weight, rock charge and ball charge as integrating variables. The 
performance of the controller is documented and assessed. 
Further research recommendations centre on further model validation against industrial 
data, further parameter sensitivity analyses, simulation model development and the inves-
tigation of the potential use of the inferential measurement models in a process monitoring 
capacity. Investigation of the dependence of the operating curve on ore hardness and in-
vestigation of control actions of a real controller, in relation to the operating curve, are 
other key areas to progress the research. Implementation recommendations are particularly 
relevant to Northparkes Mines but also have relevance for the wider minerals processing 
community. 
Increasing the number of inferential measurement models available to industry and the 
body of knowledge supporting them adds further impetus to the transition taking the 
control methods of autogenous grinding circuit supervisory control and the on-line use of 
phenomenological models fi·om the "active" or "emerging" phase to the "mature" phase. 
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PREFACE 
This Thesis documents a study of inferential measurement models for semiautogeous grind-
ing (SAG) mills. The key contributions contained within are as follows : 
• Inferential model of the SAG mill discharge rate and size distribution (including size 
indicators: Tso, T6o, T 40, T2o). 
• Inferential model of the SAG mill recirculating load. 
• Inferential model of the SAG mill rock charge and size distribution. 
• Inferential models of the SAG mill total charge and ball charge levels. 
• Inferential model of the SAG mill total feed rate and size distribution. 
• Inferential model of the SAG mill fresh feed rate and size distribution (including size 
indicators: Fso, F60, F4o, F2o). 
• Inferential model of the primary cyclone underflow split to the ball mill. 
• Sensitivity and uncertainty analyses and assessment of mill discharge, charge level 
and fresh feed inferential models. 
• Sensitivity and uncert ainty analyses and assessment of mill breakage rates. 
• Dynamic model of the SAG mill ball charge. 
• Dynamic model of the SAG mill protective shell. 
• One SAG mill weight model. 
• Two SAG mill discharge models. 
• Two combined state and parameter estimation (CSPE) model formulations for the 
estimation of thirty six (36) SAG mill states and five (5) parameters, incorporating 
the SAG mill weight model and both of the SAG mill discharge models. 
• Observability and detectability analysis of the two CSPE formulations . 
• Assessment of the two CSPE formulations. 
• Validation of the inferential measurement models of mill ball, rock and total charges 
and feed size utilising plant data. 
• SAG mill charge and feed size model behaviour discussion and further model sensi-
tivity analysis. 
• Construction of a SAG mill operating curve and discussion of its possible utilisation 
in a mill charge control strategy. 
• Development and assessment of an advanced controller structure that utilises the 
inferential measurement models. 
Unless otherwise specifically referenced, all of the work contained within this Thesis. is the 
original work of the author. 
3 
The following publications and presentations have been derived from the work covered in 
this Thesis: 
• Romagnoli, J. A., Galan, 0. and Apelt, T. A., (1997) "Preliminary Study of SAG 
Mill Control at Northparkes Mines", Technical Report. ICI Laboratory for Process 
Systems Engineering. Dept of Chemical Eng, University of Sydney NSW Australia. 
• Apelt, T. A., Galan, 0. and Romagnoli, J. A. (1998) "Dynamic Environment for 
Comminution Circuit Operation and Control" In: CHEMECA '98, 26th Australasian 
Chemical Engineering Conference. CHEMECA. Port Douglas QLD Australia. 
• Apelt, T. A. (1998) "Dynamic environment for comminution circuit control, sim-
ulation and training", ME(Research) to PhD Upgrade Report, Dept of Chemical 
Engineering, University of Sydney NSW Australia, 13 November 1998. 
• Apelt, T.A., Thornhill, N.F. and Romagnoli, J.A., (2000) "Mineral Grinding Process 
Modelling in Simulink" In: The Process Applications of MATLAB, Simulink and 
Stateflow Conference, Cambridge Control Ltd / Mathworks, April 5th, Pope Lecture 
Theatre, School of Chemical, Environmental and Mining Engineering, University of 
Nottingham. 
• Apelt, T.A., Asprey, S.P. and Thornhill, N.F (2001) "Inferential measurement of SAG 
mill parameters", Minerals Engineering, Vol. 14, No. 6, 575-591. 
• Apelt, T.A., Asprey, S.P. and Thornhill, N.F. (2001) "SAG mill discharge measure-
ment model for combined state and parameter estimat ion" In: SAG 2001, Vol. IV. 
pp. 138-149, UBC. Vancouver, B.C., Canada, Third international conference on: 
Autogenous and Semiautogenous Grinding Technology, Sep 30- Oct 3, 2001. 
• Apelt, T .A., Asprey, S.P. and Thornhill, N.F (2002) "Inferential measurement of 
SAG mill parameters II: state estimation", Minerals Engineering, Vol. 15, No. 12, 
1043-1053. 
• Apelt, T.A., Asprey, S.P. and Thornhill, N.F (2002) "Inferential measurement of 
SAG mill parameters III: inferential models", Minerals Engineering, Vol. 15, No. 12, 
1055-1071. 
• Apelt, T.A. and Thornhill, N.F (In Press) "Inferential measurement of SAG mill 
parameters IV: inferential model case study application", Minerals Engineering. 
4 
ACKNOWLEDGEMENTS 
At the risk of leaving out the names of many who are deserving of thanks, I would like to 
thank the following people: 
Professor Jose Romagnoli for financial assistance with which I was able to obtain the 
Julius Kruttschnitt Mineral Research Centre Monograph and a personal computer and 
for the funding to conduct the SAG Control Project at Northparkes Mines. 
The Centre for Process Systems Engineering (CPSE), Imperial College London for hav-
ing me and Professor Nilay Shah for officiating the requisite administrative matters. 
The Support Staff at University of Sydney for their friendly, effective day to day man-
agement of Departmental affairs, particularly Department Secretary Linda McGilL 
Similarly, the Support Staff at the CPSE for their friendly, effective day to day man-
agement of Centre affairs. 
Northparkes Mines (NPM) for permission to publish the circuit equipment and operat-
ing data and the other operation information required by this work. 
NPM personnel for assistance in the information gathering and feedback processes un-
dertaken, particularly Rick Dunn, Jim Davis and Tom Pethybridge. 
My postgraduate friends at the University of Sydney and at Imperial College for making 
research life enjoyable when things were going well and bearable when they were not. 
James Baird, Chiew Wong and Linda McGill for acting as my proxy at different times 
at the University of Sydney and made for seamless re-enrollment and thesis submission 
periods in my absence. 
Professor Lester Kershenbaum for the Kalman filter tuning discussions. 
Steve Asprey, my deputy Associate Supervisor for his interest and input which was 
above and beyond the call of duty. 
Nina Thornhill, my Associate Supervisor, for her guidance and input, also above and 
beyond the call of duty. Her tremendous enthusiasm- always appreciated and a crucial 
research ingredient. 
My family and friends outside of university for their patience and understanding, par-
ticularly Colin Apelt, my father. 
Michael and Donal Scanlan, the Dynamic Askeaton (Co. Limerick) Duo, for some 
light-hearted moments on my on-project weekends. 
My colleagues and friends at the Invensys Stockport office for their continued, more-
than-a-passing interest in my revisions' progress, especially Dave Earp, Maria Mackay, 
Andy Mitchell, Mark Boland, Geoff Lewis and Donna Beirne · · · 
Donna Beirne, my wife to be, for her love, patience and support- roll on 07.07.07. 
5 
"There are right decisions and there are decisions you make right." 
Phil McGraw, PH.D. 
6 
REVISED (2nd) EDITION NOTES (March 31, 2005) 
The significant revision and changes made to this document in its re-issuing as the second, 
revised edition are as follows: 
• The discussion on error propagation in Section 6.1 was clarified. 
• Section 3.2 has been inserted to elaborate on the source of the data utilised for model 
validation. 
• Section 3.5, which considers further model validation of the steady state models on 
the published data of Gault (1975). 
• Chapter 8 is a new Chapter that contains inferential measurement validation on 
Oct 1997 Northparkes Mines data and explores a simulated plant utilisation of the 
inferential measurement models. 
Minor changes were made throughout the document, chiefly in the Abstract and the con-
cluding chapter, Chapter 9, to reflect these major changes. Section 2.2.4 is a small addition, 
in the review chapter, about inferential charge measurement from mill motor measure-
ments. 
EMENDED (3rd) EDITION NOTES (May 2, 2007) 
The major emendations made to this document in its re-issuing as the third, emended 
edition are as follows: 
• Section 3.1 provides ail overview of the model development logic and model utilisa-
tion. This Section is new which increments the numbers of the other Sections in this 
Chapter. 
• Section 6.1 has been re-written to further clarify the error propagat ion method em-
ployed. 
• Sections 7.1.1 and 7.1.2 provide further insight into the formulation and context of 
the utilisation of the combined state and parameter estimation model and ext ended 
Kalman filter. 
• Section 8.2, which considers further the behaviour of the inferential SAG mill charge 
and feed size models. Further comment is made on model sensitivity and charac-
teristics that may be utilised in a mill charge control strategy. This Section is new 
which increments the numbers of the other Sections in this Chapter. 
Minor changes were made throughout the docuii).ent, chiefly in the Abstract anc! the con-
cluding chapter, Chapter 9, to reflect these major changes. 
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Nomenclature 
Greek Symbols 
a efficiency curve parameter: separation sharpness 
f3 fraction of charge that is active 
f3 efficiency curve parameter: fine size efficiency boost 
{3* efficiency curve parameter: d5oc preservation 
of uncertainty in function f 
oei uncertainty in parameter ei 
c porosity of mill grinding charge 
1 mean relative radial position of open area 
>. hindered settling correction term 
4> f cs mill speed 
(-) 
(fraction mill total charge) 
(-) 
(-) 
(fraction) 
(various) 
(fraction) 
(fraction) 
(-) 
(fraction critical speed) 
<Pc experimentally determined fraction of critical mill speed at which centrifuging is 
fully established (fraction critical speed) 
Pb 
Pc 
grinding ball density (specific gravity) 
mill charge density (specific gravity) 
Pkidney density of active fraction of mill charge (specific gravity) 
Po ore density (specific gravity) 
4> fraction critical mill speed 
1/Je energy absorption factor of the steel grinding media 
Pp cyclone feed pulp (slurry) density 
Pmi density of grinding media in size i 
Pp SAG mill pulp density 
a f standard deviation of function f 
O'(J standard deviation of parameter e 
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(t/ m3) 
(t/ m3) 
(t/ m3 ) 
(t/ m3) 
(fraction) 
(fraction) 
(t/ m3) 
(t/ m3 ) 
(t/ m3) 
(fraction) 
(various) 
Ocone mill cone angle (0) 
Os mill charge shoulder angle (radians) 
()TO mill slurry toe angle (()TO = ()T for grate-discharge mills) (radians) 
()T mill charge toe angle (radians) 
T mill residence time (hr) 
() CSPE model parameters to be estimated (non-constant) (-) 
() cyclone cone full angle (0) 
()i ith model parameter in error/sensitivity analysis (-) 
Or angle of ball impact at the mill radius (radians) 
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Roman Symbols 
A 
A 
crusher power draw scaling factor 
ore impact breakage parameter 
( -) 
(-) 
A state transition matrix that defines the dynamic behaviour of the continuous-time 
nonlinear system (-) 
A 
a 
a 
Ai 
total discharge grate open area 
acceleration 
size at which 36.8% (i.e., 100/e) of particles are retained 
crusher model parameters from plant survey 
(m2) 
(m/s2 ) 
(mm) 
(-) 
aij appearance function of particles appearing in size i (a function of the breakage 
distribution of particles in sizes ~ size i) (fraction) 
A discrete-time state transition matrix that defines the dynamic behaviour of the 
continuous-time nonlinear system (-) 
ABCD stream properties of stream "ABCD" 
abed size distribution of stream "ABCD" 
ABCDi mass by size of stream "ABCD" 
ahe high energy appearance function 
ale low energy appearance function 
a.m. Ante Meridiem : Latin for "before midday" 
a posteriori from later (Latin) 
a priori from what is before (Latin) 
(-) 
(%wj w) 
(t) 
(fract ion) 
(fraction) 
(-) 
(-) 
(-) 
B control transition matrix that relates the effects of control actions on the continuous-
time nonlinear system (-) 
B 
b 
b 
b 
Bi 
crusher breakage distribution function 
ball diameter 
ore impact breakage parameter 
slope of ln(ln(lOO/ Wr)) vs ln(x) plot 
crusher model parameters from plant survey 
(fraction) 
(mm) 
(-) 
(-) 
(-) 
fJ discrete-control transition matrix that relates the effects of control actions on the 
continuous-time nonlinear system ·(-) 
BC total ball charge mass 
bCi mass of balls in ball charge of size i 
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(t) 
(t) . 
bei balls of size i ejecting from the mill 
BEki ball ejection model fitting parameter 
bii feed balls in size i 
bps balls per stroke 
bst ball stroke time 
bwi mass of balls wearing out of size i into size i + 1 
BWki ball wear coefficient for balls in size i 
c = C(x) = crusher probability of breakage function 
(t/ hr) 
(hr-1) 
(t/ hr) 
(-) 
(seconds) 
(t/ hr) 
(Brinnell/ hr) 
(fraction) 
C measurement matrix that relates the system states to the process measurements(-) 
c 
Ci 
water recovery to cyclone overflow 
grate classification function for size i 
(fraction) 
(fraction) 
G discrete-time measurement matrix that relates the system states to the process 
measurements (- ) 
Cs mill critical speed (RPM) 
C S P E combined state and parameter estimation (- ) 
css crusher close side setting (mm) 
Cv volumetric fraction of solids in feed slurry (fraction) 
cv Controlled Variable (-) 
cv Controlled variable (-) 
C(x) probability of breakage (fraction) 
D direct connection matrix that relates the effects of control actions on the process 
measurements (usually zero) (-) 
D mill inside diameter 
d particle size (diameter) 
Dm mill inside diameter 
dxm mill volumetric discharge of water and solids smaller than Xm 
do maximum mill discharge rate constant 
do, k discharge rate constant at kth iteration 
do, k+l discharge rate constant at k +th iteration 
d5oc corrected 50% passing size 
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(m) 
(mm) 
(m) 
(m3 / hr) 
(hr- 1 ) 
(hr- 1) 
(hr- 1 ) 
(mm) 
D discrete-time direct connection matrix that relates the effects of control actions on 
the process measurements (usually zero) (-) 
DB ball topsize scaling factor 
Db new ball diameter 
Dbi diameter of ball of size i 
D I C discharge 
De cyclone cylinder diameter 
D I C grate SAG mill discharge grate weight 
(-) 
(mm) 
(mm) 
(-) 
(m) 
(t) 
dgt discharge grate thickness (mm) 
d-i, mill discharge rate for size i (hr-1) 
Di cyclone inlet diameter (m) 
di mill discharge rate of size i particles normalised to mill residence time, r (-) 
D 0 cyclone overflow diameter (m) 
DsmO SAG mill shell inside diameter (m) 
Dtsm SAG mill trunnion diameter (m) 
Du cyclone underflow diameter (m) 
Ecsi specific comminution energy for size i (kWhrl t) 
Edq ball ejection efficiency to discharge (fraction) 
e.g. for example (Latin: exempli gratia) ( - ) 
EKF Extended Kalman Filter (- ) 
Eoa classification efficiency to cyclone overflow (fraction) 
ET crusher eccentric throw (mm) 
et al. and others (Latin : et alii) (- ) 
f the CSPE system function (- ) 
f crusher feed by size (tph) 
h feedrate of particles in size i (t/ hr) 
Fkw mill powerdraw residual function (kW) 
Fweight mill weight residual function (t) 
f a general function (-) 
F IT original conditions of fitted ball mill model (- ) 
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foag discharge grate fraction open area 
FOPTD First-order plus time-delay 
fp notional fraction pebble port open area:total grate open area ratio 
f SAi fractional surface area of grinding balls in size i 
FV Feed-forward variable 
f w feed water addition 
g the CSPE measurement function 
g gravitational acceleration 
92 ... 29(x, e, t) SAG mill discharge fiowrate measurement model 
g1(x, 8, t) SAG mill weight measurement model 
gmsi grinding media size class i 
h mean drop height 
H Bi Brinnell Hardness of grinding balls in size i 
hlt high lifter bar thickness (height) 
H20 water 
i.e. that is (Latin : id est) 
J B % of total mill volume occupied by grinding balls and associated voids 
(fraction) 
(-) 
(fraction) 
(fraction) 
(-) 
(t/hr) 
(-) 
(9.81 m/s2) 
(m3 / hr) 
(t) 
(mm) 
(m) 
(N/m2) 
(mm) 
(-) 
(-) 
(%) 
Jb mill fraction occupied by grinding balls including the associated voidage (fraction 
mill volume) 
JK Julius Kruttschnitt Mineral Research Centre 
JK Julius Kruttschnitt Minerals Research Centre 
Jmax maximum possible nett fractional grinding media slurry holdup 
Jp nett fractional holdup of slurry in mill 
Jpg gross fractional holdup of slurry in mill 
(-) 
(-) 
(fraction) 
(fraction) 
(fraction) 
Jpm nett fractional holdup of slurry in mill that is contained within the grinding charge 
interstices (fraction) 
Jpo nett fractional slurry holdup in mill 'dead' zone (fraction) 
Jpt nett fractional holdup of slurry in mill that is contained in the slurry pool at the 
toe of the charge (i.e., slurry outside the grinding charge) (fraction) 
Jt mill fraction occupied by grinding media (balls plus coarse rocks) including the 
associated voidage (fraction mill volume) 
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K 
k 
maximum breakage factor 
iteration step 
(mm-1) 
(-) 
k mill powerdraw lumped parameter (accounts for heat losses due to internal friction, 
energy of attrition/abrasion breakage, rotation· of the grinding media and inaccu-
racies in assumptions and charge shape and motion measurements) (- ) 
kij regression coefficients (- ) 
Kl particle size below which classification probability is zero, C(x) = 0 (mm) 
Kl ball size below which hardness equals 250 Brinnell (mm) 
K2 particle size above which classification probability is one, C(x) = 1 (rnm) 
K2 ball size above which harness equals 450 Brinnell (mm) 
K3 classification function parameter: curve shape (-) 
K3 ball hardness curve shape parameter (-) 
k discharge grate efficiency parameter (- ) 
k9 factor to account for coarse material (-) 
KQo ore dependent proportionality constant (-) 
K v1 volumetric flow split to underflow constant (- ) 
Kwt water split to underflow constant 
Leone length (axial) of conical section of mill 
Lm mill (cylinder) length 
lbw lifter bar width 
Lc cyclone cylinder length 
LF ball charge fraction, Jb 
LH r crusher liner hours in service 
lining SAG mill shell lining weight 
liningDE o installation weight of the discharge end of the shell lining 
liningDE weight of the discharge end of the shell lining 
liningFE o installation weight of the feed end of the shell lining 
liningFE weight of the feed end of the shell lining 
LLen crusher liner length 
llt 
Lm 
low lifter bar thickness (height) 
mill length 
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(-) 
(m) 
(m) 
(mm) 
(m) 
(fraction) 
(hrs) 
(t) 
(t) 
(t) 
(t) 
(t) 
(mm) 
(mm) 
(m) 
Lsm SAG mill shell length 
M kidney mass of active fraction of mill charge 
Mshell mill shell weight 
MVIcw mill powerdraw measurement 
MVweight mill weight measurement 
m3ph volumetric flow rate 
Mbi mass of grinding ball in size i 
Mi mass of an ore particle in size i 
~MV The change in the MV that causes the change in CV 
MV Manipulated Variables 
MV Manipulated variable 
(m) 
(t) 
(t) 
(kW) 
(t) 
(m3 jhr) 
(t) 
(t) 
(-) 
(- ) 
(-) 
MV DC _H20 SAG mill discharge water addition flowrate measured variable (m3 / hr) 
(m3 / hr) 
(t/ hr) 
(%solids w / w) 
MV FC H20 SAG mill feed water addition fiowrate measured variable 
MVoscF oversize crusher total feedrate 
MV pc_dens primary cyclone feed density measured variable 
MVPCFD%sola primary cyclone feed density 
MVpcFDm3 primary cyclone feed fiowrate 
MV pc_flow primary cyclone feed fiowrate measured variable 
MVscats oversize crusher feedrate measured variable 
N mean mill speed 
Nm actual mill speed 
N discharge grate efficiency parameter 
nbi number of grinding balls in size i 
ndg number of discharge grate segments 
nhl number of high lifter bars 
Ni number of balls in size i 
ni number of particles in size i 
nll number of low lifter bars 
N PM Northparkes Mines 
0/ S oversize 
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(% solids w / w) 
(m3 / hr) 
(m3 / hr) 
(tph) 
(revolutions per second) 
(revolutions per second) 
(-) 
(-) 
(-) 
(-) 
(-) 
(-) 
(-) 
(- ) 
(- ) 
OSCF%sw/w oversize crusher feed solids density 
OSCFtph 1 oversize crusher liquid feedrate 
OSCFtph_8 oversize crusher solids feedrate 
OSCPtph_s solids component of the oversize crusher product 
p cyclone inlet pressure 
p crusher product by size 
Pi mill discharge (product) of particles in size i 
(%solids w / w) 
(t/ hr) 
(t/ hr) 
(t/ hr) 
(kPa) 
(tph) 
(t/ hr) 
Pcharge mill powerdraw attributable to the contents of the cyclindrical section of the 
mill (kW) 
Pcone mill powerdraw attributable to the contents of the conical (feed) 
mill 
Paross power input to the mill motor (metered power) 
section of the 
(kW) 
(kW) 
PNet mill powerdraw attributable to the contents of the cylindrical section of the mill(kW) 
PNoLoad no-load power of mill (empty mill powerdraw) 
Pxm volumetric fiowrate of water and solids size < Xm 
P c predicted crusher power draw 
PCFD%sw/w primary cyclone feed density 
PCFDm3ph_p primary cyclone feed ftowrate 
MVpcFWm3 primary cyclone feed water addition fiowrate 
(kW) 
(m3/ hr) 
(kW) 
(%solids w/ w) 
(m3 / hr) 
(m3 / hr) 
( 1 - PC split) fraction of the primary cyclone underflow recycled to the SAG mill (frac-
tion) 
PC8 plit fraction of the primary cyclone underflow feeding to the ball mill 
PCUFtph 8 solids component of the primary cyclone underflow 
(fraction) 
(t/ hr) 
PCU Stph 8 solids component of the primary cyclone underflow reporting to the SAG 
mill (t/ hr) 
%solsoscF oversize crusher feed density 
PI Prediction Interval 
p.m. Post Meridiem: Latin for "afternoon midday" 
P n crusher no-load power 
P p pendulum power 
Pw water discharge rate 
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(%solids w j w) 
(time units) 
(- ) 
(kW) 
(kW) 
(t/ hr) 
Q 1 cyclone feed fiowrate 
Qm mill discharge fiowrate through grinding media 
Qt mill discharge fiowrate through slurry pool at toe of the charge 
(m3 / hr) 
(m3 / hr) 
(m3 / hr) 
r mean radial position of mill charge 
Rl ... R5 base breakage rates 
Ti breakage rate of particles in size i 
(m) 
(hr-1) 
(hr- 1) 
ri mill charge inner surface radius. (Boundary between the "active" portion of the 
charge on the mill wall and the "inactive" portion of the charge in free-fall.) (m) 
RPM actual mill speed 
RP Mcritico.l mill critical speed 
Rangecv CV range over the vessel volume 
(revolutions per minute) 
(revolutions per minute) 
(CV units)' 
RCEi,j,k relative contribution that uncertainty in parameter (); makes to the Jk charge 
estimate uncertainty when utilising residual Equation (i) (%) 
RCL mill recirculating load (%) 
Rt water recovery to cyclone underflow 
Pliner liner density 
rn relative radial position of outermost grate apertures 
ROCcv Rate of change of the CV 
at ball mill rate/ discharge value for size i particles 
• 
Rr recycle ratio of -20 + 4mm material 
r sm SAG mill radius 
Rv volumetric recovery of feed slurry to cyclone underflow 
S mill discharge volumetric solids content 
s distance 
Si mill rock charge particles in size i 
Sxm volume of water and solids of size < Xm in the mill 
Sa mill RPM scaling factor 
S Ai total surface area of grindings ball in size i 
sb mill fraction critical speed scaling factor 
SGb grinding ball density 
32 
(fraction) 
(t j m3 ) 
(fraction) 
( CV units per PI) 
(hr-1 ) 
(-) 
(m) 
(fraction) 
(% solids v / v) 
(m) 
(t) 
(m3) 
(-) 
(m2) 
(-) 
(t/ m3) 
SGz liquid specific gravity 
SG8 ore specific gravity 
shell SAG mill shell weight 
(tj m3) 
(tj m3) 
(t) 
sic Editor note indicating that the quoted material contained the spelling or grammat-
ical error. (Latin: so, such, that) (-) 
SIM simulated conditions of ball mill model 
slt shell liner thickness (height) 
S M D50c SAG mill discharge screen corrected 50% passing size 
smdc SAG mill discharge size distribution (weight retained) 
SMDCscp SAG mill discharge pulp density 
SM DCtph_l SAG mill liquid discharge rate 
SMDCtph_s SAG mill solids discharge rate 
SMFFtph_s solids component of the SAG mill fresh feed 
smf f SAG mill fresh feed size distribution 
smtf SAG mill total feed size distribution 
SMFFtph_l SAG mill fresh feed liquid feedrate 
SM F Ftph s SAG mill fresh feed solids feedrate 
SMIWo initial SAG mill installation weight 
SM IW SAG mill installation weight 
SMTFtph_l SAG mill total feed liquid feedrate 
SMT Ftph_ s SAG mill total feed solids feedrate 
SMW const SAG mill liner weight constant 
sw water in the mill charge 
Sxm, k mill water and rock charge smaller than Xm at kth iteration 
(-) 
(mm) 
(mm) 
(%retained w j w) 
(t/ m3) 
(t/ hr) 
(t/ hr) 
(t/ hr) 
(%retained w/ w) 
(%retained wj w) 
(t/ hr) 
(t/ hr) 
(t) 
(t) 
(t/ hr) 
(t/ hr) 
(t) 
Bxm, k + 1 mill water and rock charge smaller than Xm at k +th iteration 
(t) 
(m3) 
(in3) 
t 
tc 
t, 
tw 
ta 
time 
mean travel time in charge (between toe and shoulder) 
mean travel time in freefall (between shouler and toe) 
high energy (impact) t parameter 
low energy (abrasion) t parameter 
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(seconds or hours) 
(seconds) 
(seconds) 
(%) 
(%) 
TAGL Dr. Tim Langrish, Assoc. Professor of Chemical Engineering, Uni of Sydney (-) 
the high energy (impact) t parameter (%) 
TimeConversion Conversion factor for MV time units to PI units (time over time) 
tze low energy (abrasion) t parameter 
T PH crusher feedrate 
tph mass flow rate 
U fraction of grinding media voidage occupied by slurry 
u the CSPE system input 
v velocity 
vkidney volume of active fraction of mill charge 
vbi the volume of grinding balls in size class i 
V m mill internal volume 
voi the volume of ore in size class i 
Wp material passing size x 
wearate SAG mill shell wearate 
WI ore work index 
Wr material retained at size x 
wrt with respect to 
x particle size 
x ratio of particle size to corrected 50% passing size 
x the state of the CSPE system 
Xi target particle size i 
x9 mill discharge grate aperture size 
Xm particle size that behaves like water (in SAG mill) 
Xm impact versus abrasion breakage boundary particle size (in ball mill) 
Xp notional discharge grate pebble port aperture size 
y the CSPE system output 
z mill powerdraw calculation parameter 
1° primary 
2° secondary 
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(%) 
(tph) 
(tjhr) 
(fraction) 
(various) 
(m/ s) 
(m3) 
(m3) 
(m3) 
(m3) 
(% w/ w) 
(t/ hr) 
(kWh/t) 
( % wj w) 
(-) 
(mm) 
(-) 
(various) 
(mm) 
(mm) 
(mm) 
(mm) 
(mm) 
(various) 
(-) 
(-) 
(- ) 
Chapter 1 
Introduction 
Autogenous and semiautogenous grinding has progressed a long way since the 1930's when 
(at South African gold mines) Hadsel first thought of using larger pieces of competent ore 
to break smaller pieces in a bucket wheel configuration (MacPherson, 1989). Outghred and 
Hardinge took the idea to North America and utilised it in dry and wet mills, respectively 
(MacPherson, 1989). Post- WW-11 development is credited to. Weston who extended the 
technology to high aspect 1 mills (1959: 22 feet (6.7 m) diameter, 1 MW) (MacPherson, 
1989). 
Since these early developments the importance of autogenous grinding technology has 
extended to the present day where 600 mills in 64 nations on 6 continents operate drawing 
375,000 hp (260 MW) and mill manufacturers are having to meet evermore demanding 
specifications (1996: 40 feet (12.2 m) diameter, 20 MW), (Jones Jnr, 2001) . 
Semi-autogenous grinding (SAG) mill ball charge and rock charge affect mill performance. 
The size distribution and hardness of the SAG mill feed influence the breakage within 
the mill and therefore the rock charge that remains after breakage. Throughput and 
product quality are affected by the conditions inside the mill. The mill inventories and 
feed properties are therefore important variables and measurement of them opens the way 
for improved process control and the associated benefits. 
Direct measurement of the mill inventories is difficult for various reasons, such as, the 
rotational motion of the mill and the destructive tumbling action of the charge. Indirect 
1 mill diameter to length ratio 
35 
Chapter 1. Introduction 36 
measurement is possible via mill weight and power draw, conductivity probe, microphone, 
measurements, acoustic spectral analysis and state estimation. 
Significant developments have been made in these indirect measurement methods. Industry 
has generally not been quick on the uptake of these technologies due to the method being 
in a developmental stage, or being relatively complex (mathematically or conceptually), or 
being proprietary information (which has cost or confidence implications). 
Direct measurement of mill feed size distribution is available through video image analysis 
of the moving ore stream, e.g., ore on a moving conveyor belt or being dumped from a 
truck to a crushing facility. This technology is relatively new and its uptake has been 
limited somewhat by its cost and the poor perceived benefits associated with having such 
measurement. Larger mining houses and new installations are more likely to acquire this 
technology. It is gaining wider acceptance with time and a good performance record. 
This work focusses on the development of a number of inferential models for SAG mills. 
Mill power draw and weight measurements are utilised to provide estimates of the mill 
inventories. Primary cyclone feed and oversize crusher feed measurements are utilised to 
provide an estimate of the mill discharge rate and size distribution. These indirect mea-
surements are utilised in the estimation of SAG mill fresh feed rate and size distribution. 
The mill discharge models are further utilised in the formulation of combined state and 
parameter estimation models of the SAG mill inventories, discharge grate parameters and 
ore grindability parameters. 
A review of the literature and progress in the area of inferential measurement modelling 
for SAG mills is presented in Chapter 2, where the above points are expanded upon to 
place this research into context. 
Prior to the review, the grinding circuit of interest to this research is introduced below. The 
operational difficulties of the circuit that are the motivation for this research are discussed, 
resulting in the Problem St atement in Sect ion 1.3. 
1.1 Circuit Description 
The circuit under study is the Module 1 grinding circuit at Northparkes Mines (NPM). 
NPM is a copper-gold mine and concentrator located near Parkes in the Central Western 
region of New South Wales, Australia. 
The design capacity of Module 1 grinding circuit is 245 dry tonnes per hour of low grade 
copper sulphide ore. Overall, a single coarse ore feed stream is processed into two fine 
product streams, refer to the process flowsheet in Figure 1.1. 
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In more detail, rocky run-of-mine ore is drawn from the feed ore stockpile by four vibrating 
feeders. The fresh feed is conveyed to the semi-autogenous (SAG) mill feed chute. A 
recycle stream, the oversize crusher product, joins the fresh ore on the feed conveyor. At 
the SAG mill feed chute, feed dilution water is added in ratio to achieve a solids content 
of approximately 75% solids (w/ w) . Another recycle stream, a fraction of the primary 
cyclone underflow, also reports to the feed chute. The feed mixture enters the SAG mill 
where size reduction occurs by means of impact breakage (collisions with grinding media-
large rocks and steel balls) and abrasion (tumbling action of the mill charge). 
The SAG mill discharge grates retain the grinding media while allowing the discharge of 
water, fine ore particles and middle-sized rocks. SAG mill discharge is presented to a 
vibrating screen which separates the middle-sized material ("scats") for recycle to the SAG 
mill via a gyratory cone crusher. 
Screen undersize is diluted with the addition of SAG mill discharge water and is pumped 
to the primary cyclones for further size classification. The SAG mill, SAG mill discharge 
screen, primary cyclones and oversize crusher constitute the primary grinding circuit. The 
fine primary cyclone overflow stream reports directly to the ball mill discharge hopper 
while the coarse cyclone underflow is split between a recycle stream to the SAG mill feed 
chute and a stream reporting to the ball mill feed chute. The equipment downstream of 
the primary cyclones (the ball mill, ball mill discharge screen, secondary cyclones and flash 
flotation cells) constitute the secondary grinding circuit. 
Further size reduction oc~urs within the ball mill by way of the tumbling action of the ball 
charge. Ball mill discharge reports to a vibrating screen which separates worn grinding 
balls and any stray coarse particles. The fine screen underflow stream is classified at the 
secondary cyclones into a fine overflow stream (flotation plant feed) and a coarse underflow 
stream that is recycled to the ball mill feed chute. 
A fraction of the secondary cyclone underflow is processed via the flash flotation circuit 
before reporting to the ball mill feed chute. The function of the flash flotation cells is to 
remove any liberated copper mineral particles that have reported to the cyclone underflow 
due to their relatively high specific gravity. 
There are two flash flotation cells, a rougher and a cleaner. The rougher cell performs a 
coarse separation of the liberated mineral particles from the rock (gangue) particles. The 
cleaner cell refines the rougher concentrate stream. Cleaner concentrate reports directly 
to concentrate thickening and filtering. Both the cleaner and rougher tails streams are 
recycled to the ball mill feed chute. As a means of preventing the over-dilution of the 
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ball mill feed stream, the larger rougher flash flotation cell is fitted with a water bleed 
stream. This is an off-take located at approximately three-quarter cell height. At this level 
the material in the cell is highly dilute and barren of mineral particles. The water bleed 
is diverted directly to the ball mill discharge hopper, with an optional split to the SAG 
mill discharge hopper. FUrther details of the grinding circuit and the other sections of the 
processing plant may be found elsewhere (Apelt et al. , 1998; Freeman et al., 2000b; Apelt 
et al., 2001a). 
This description corresponds to the circuit as it existed in 1997. The circuit has since 
undergone some changes that are isolated to the latter part of the secondary grinding 
circuit2 • Tertiary grinding has been introduced to process the secondary cyclone overflow 
(flotation plant feed). However, the tertiary grinding section will not be considered by this 
research since it is outside the focus of this research and does not affect the research or the 
findings presented. 
1.1.1 Stream Naming Syntax 
The circuit stream names have been reduced to a four capitalised-letter abbreviation, e.g., 
"SAG mill fresh feed" is abbreviated to "SMFF", refer to the left-hand-side of Table 1.1. 
The stream properties on the right-hand-side of Table 1.1 are linked to the abbreviated 
stream name. The particle size distribution (in weight percent retained format) for each of 
the streams are linked to the corresponding lowercase four letter abbreviation e.g.," smf f" 
represents the size distribution of the SMFF stream. 
Whilst convenient, this naming convention introduces some inconsistencies which arise from 
the multiple properties associated with a single stream name and where single component 
streams are involved, such as the water addition streams and grinding media streams. 
Generally however, the meaning of the stream name can be easily deduced from the context 
of its use (e.g., solids balance/ water balance) . Where confusion remains the stream names 
used will be augmented for clarity. For the water addition streams, the solids mass fl.owrate 
is zero and there is no associated size distribution or eighty percent passing size (Ps0 ). For 
the grinding media streams, the solid flows are replaced by steel flows at 100% solids. 
1. 2 Circuit Operation Challenges 
The author was associated with Northparkes Mines immediately prior to the commence-
ment of postgraduate studies at the University of Sydney, holding the post of Plant Metal-
2Verbal communication with Northparkes Mines Metallurgical Superintendent - Rick Dunn at SAG 2001 
conference 
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Table 1.1: Stream Name Abbreviations and Properties 
SMFF 
SMTF 
SMFW 
SMRC 
SMBC 
SMDC 
SMDW 
OSCF 
OSCP 
PCFD 
PCOF 
PCUF 
PCUS 
PCUB 
BMFD 
BMFW 
BMDC 
BMDW 
BSOS 
BSUS 
SCFD 
SCOF 
SCUF 
Abbreviations 
SAG mill fresh feed 
SAG mill total feed 
SAG mill feed water addition 
SAG mill rock charge 
SAG mill ball charge 
SAG mill discharge 
SAG mill discharge water addition 
Oversize crusher feed 
Oversize crusher product 
Primary cyclone feed 
Primary cyclone overflow 
Primary cyclone underflow 
Primary cyclone underflow to SAG mill 
Primary cyclone underflow to ball mill 
Ball mill feed 
Ball mill feed water addition 
Ball mill discharge 
Ball mill discharge water addition 
Ball mill discharge screen oversize 
Ball mill discharge screen undersize 
Secondary cyclone feed 
Secondary cyclone overflow 
Secondary cyclone underflow 
tph_s 
tph_l 
tph_p 
%sw/w 
o/ol wfw 
m3ph_s 
m3ph_l 
m3ph_p 
%s vjv 
%l vfv 
SGp 
Pso 
Stream Properties 
solids mass flow (t / hr) 
water mass flow (t/hr) 
total (pulp) mass flow (t/hr) 
% solids by weight (% w j w) 
%water by weight (% wfw) 
volumetric flow of solids (m3 / hr) 
volumetric flow of water (m3 /hr) 
total (pulp) volumetric flow (m3 / hr) 
%solids by volume (% vjv) 
%water by volume (% v j v) 
pulp specific gravity (t/ m3) 
80% passing size (mm) 
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lurgist from May 1995 to June 1997. Included in the duties of Plant Metallurgist was the 
monitoring and evaluation of grinding circuit operation and performance. In fulfilling this 
role, various difficulties associated with the operation and control of comminution circuits 
were identified. The combination of: 
• recycle streams 
• process interactions 
• nonlinear processes 
• process measurement constraints 
• control system constraints 
• unmeasured disturbances (especially feed ore size distribution and hardness), 
result in a process that is difficult to control automatically. Consequently, process operators 
resorted to manual control of many process variables e.g.: 
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• SAG feed dilution water set point 
• cyclone feed density set point 
• cyclone feed pump speed 
During the two year period from mid 1995 to mid 1997, automatic control was generally 
limited to regulatory control, e.g., PID loops control water flowrates according to the set 
points entered by the process operator. The utilisation of the control system was effectively 
remote process operation and monitoring. 
In the early stages of this research a small project was proposed and conducted regarding 
SAG mill control at Northparkes Mines (NPM). Commissioned by NPM, the project report 
(Romagnoli et al., 1997) presented findings on: 
• grinding circuit sensitivity analysis and recommendations on certain operating con-
ditions and strategies 
• instrumentation requirements to fully define the circuit mass balance (including SAG 
mill grinding media mass balance) 
• a SAG mill dynamic model and its potential use in a proposed feed-forward, feedback 
throughput maximisation control loop 
The sensitivity analysis results were generated utilising a grinding circuit process model 
constructed in JKSimMet3 from circuit surveys conducted in early 1997 (David, 1997). 
The mass balance definition work was conducted in a Microsoft Excel spreadsheet. The 
dynamic models were constructed in MATLAB-Simulink which was selected due to its 
mathematical processing capability, flowsheet manipulation flexibility, and availability. 
Communications with NPM have continued since the submission of the project report. 
Operations personnel indicate that the level of control has advanced considerably since 
1997 (Davis, 1999) . The improvements are the result of the introduction of rule-based 
control by NPM personnel. 
In early 1997, the SAG mill fresh feedrate was a simple PID loop with a Grinding Technician-
entered setpoint that was subject to high and low mill weight alarms and trips and high 
mill powerdraw alarms and trip. The setpoint would be selected based on the knowledge 
and experience of the technician, general movement in the powerdraw and mill weight 
trends, and production targets. 
By late 1999, Module 1 feedrate setpoint determination incorporated recycle rate informa-
tion and a large part of the setpoint determination had been automated. Over 2-3 minute 
intervals, mill weight , powerdraw and recycle rate are observed. Their current levels and 
3 Commercial simulation software developed by the Julius Kruttschnitt Mineral Research Centre 
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movement over the interval are subjected to a set of rules to determine required feedrate 
setpoint changes. Control of Module 2 feedrate was similar except that sound readings 
(2x microphones) from beneath the mill were used.in place of the mill load measurement 
(which exhibits more signal noise than the Module 1 counter-part). 
More recently, the process control team at Northparkes Mines have upgraded the PLC 
controllers in the grinding circuit. The increased capabilities allowed the site to com-
mission the implementation of mill load constraint-control (Thornton et al., 2005). The 
control strategy employs the pair of microphones for the audio-indication of charge toe 
position, manipulating feedrate to control charge level subject to an upper constraint on 
mill powerdraw. The SAG mill control system has a high degree of operator acceptance 
(95% utilisation) and can deal with "a wide range of plant disturbances and keep the mill 
operating at optimal load." 
1.3 Problem Statement 
Further communications with Northparkes Mines, see Appendix A, revealed that the issues 
of primary concern are: 
• throughput 
• product quality (size) 
• feed variability (hardness & size) 
• SAG mill rock and ball charge control 
All of these issues affect or are affected by the SAG mill rock and ball charge but these 
inventories are not measured at NPM and are generally difficult to measure directly. The 
lack of measurements around the SAG mill is a primary cause of the problems associated 
with SAG mill operation. 
Inferential measurements for SAG mills is therefore the focus this research. The objective 
of this research is to develop inferential measurement models for the SAG mill parameters 
listed below and add to the body of knowledge supporting them. 
• ball charge ( Jb) and total charge (Jt) levels, 
• feed rate and size distribution, and, 
• discharge rate and size distribution. 
The focus and object ives will be discussed in more detail in Chapter 2. 
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1.4 Document Outline 
In Chapter 2 a review of the literature is presented to provide background and context for 
this research. Reinforced by the background information, the research focus is re-stated in 
more detail. 
The requisite simulation model development and validation of the comminution circuits 
unit operations is presented in Chapter 3. The steady state SAG mill model in Chapter 3 
is extended into the dynamic models for the rock and water charge in Chapter 4. Dynamic 
models of the ball charge and protective shell lining are also proposed and validated. 
Inferential models of the SAG mill total and ball ch:arge levels, SAG mill feed rate and size 
distribution, and, SAG mill discharge rate and size distribution are presented in Chapter 5. 
These inferential models are subjected to sensitivity and error analyses in Chapter 6. · 
Combined state and parameter estimation for SAG mills is discussed in Chapter 7. Two 
formulations are presented and compared to the inferential models presented Chapter 5. 
The inferential models are validated and assessed on real plant data in Chapter 8. Further 
analysis of the sensitivity and nature of the models is also described. A SAG mill operat~ng 
curve is developed and discussed in relation to a mill charge control strategy. The inferential 
models are also utilised in a multi-variable control simulation. 
To highlight the contributions made by this research, the closing sections of Chapters 3 to 
8 include a tabulated summary of the innovations arising from that Chapter. 
Chapter 9 brings the thesis to a close with a summary of the conclusions of this research 
and recommendations for future work. 
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Chapter 2 
Background 
This Chapter reviews previous research pertinent to the area of inferential measurement 
modelling of SAG mills and provides the context for this research. The Chapter commences 
with a general review of SAG mill modelling and control, instrumentat ion and inferential 
measurement. The inferential measurement of mill charge levels and discharge are then 
reviewed in further detail according to the methods employed, namely: 
• mill weight and powerdraw measurements 
• conductivity probe measurements and energy balance 
• acoustic spectral analysis and sound measurement 
• state estimation 
Further detailed discussion on the measurement of feed size distribution is also presented. 
The research focus is then re-stated in the context of this review 
2.1 General Review 
2.1.1 Modelling and Control 
In a review of papers detailing the "state of the art" of automation and control in mineral 
and metal processing, the "availability of adequate measuring instruments" is observed 
to ·have a l(major bearing" on the high level of attention required for l(the description, 
characterization and modeling of processes" for control engineering purposes (Hulbert, 
2001) . 
In an earlier review Hulbert (1989) concluded that the "application of models and the effec-
tiveness of automatic control are limited by the availability of on-line measurements" and 
that "far fewer measurements are available on a real milling circuit than would be required 
44 
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for the on-line estimation of all the variables and states of a comprehensive mechanistic 
model of the circuit." 
Hodouin et al. (2001) report that "essential properties [central in the control of mineral 
processing operations] such as grindability, . .. [and] grinding media size distribution ... 
are extremely difficult to measure and even to infer from other measurements." 
In a review of automation in the minerals processing industry where the implementation of 
model predictive control is hampered by ''lack of precedent applications, high engineering 
costs and inappropriate control technologies" (Jamsa-Jounela, 2001). 
The conclusion of the review of mineral process control (Hodouin et al., 2001) in terms of 
fields that are 'mature', 'active' or 'emerging' are: ''The control fields,[sic] which are mature 
are: 
• Expert systems applications 
• Steady-state mass balance data reconciliation 
• Particle size measurement in the fine size range 
• Grinding circuit multivariable stabilizing control 
• Flotation circuit multi SISO stabilising control. 
The active control areas are mainly: 
• Froth image analysis 
• Supervisory control of FAG/ SAG grinding circuit using a combination of estimators 
and expert systems 
• AI applications to flotation and grinding circuit supervision 
• Multivariable non-linear control of flotation systems. 
Emerging techniques are appearing in the following domains: 
• Fast liberation degree measurement 
• Fault detection and isolation 
• Integration of comminution and separation control 
• Multivariate process monitoring techniques 
• Interfacing of mining data and concentrator feed-foward control strategies 
• On-line use of phenomenological models." 
There are several areas of minerals process control that are considered "mature" and "ac-
tive". These conclusions are echoed in the findings of a review of SAG mill control tech-
niques (Apelt, 1998) which found that significant work had been conducted in the following 
areas: 
Chapter 2. Background 46 
• Expert systems applications 
• Grinding circuit multivariable stabilizing control 
• Supervisory control of FAG1 /SAG grinding circuit using a combination of estimators 
and expert systems 
The following five ( 5) geographic regions feature predominantly in the review: 
1. South Africa 
2. United States of America 
3. Australia 
4. Canada 
5. Finland and Sweden 
These regions are correlated with control methods utilised as presented in Table 2.1 (Table 
8 (Apelt, 1998)). 
Table 2.1: Control Technique Summary 
Advanced 1 2(i) 2(ii) 2(iii) 2(iv) 2(v) 3 4(i) 4(ii) 5 6 7 8 9 10 
Technique 
South Africa ..; ..; ..; ..; ..; 
USA ..; ..; ..; ..; 
../I 
Australia ..; ..; ..; ..; ..; ..; ..; ..; ..; ..; 
Canada ..; ..; ..; ..; ..; ..; 
../i 
Finland & ..; ..; ..; ..; 
.; I 
Sweden 
where: 
1 Cascade Control 4(ii) Neural Networks 
2(i) Delay Compensation 5 Ratio Control 
2(ii) Feed-Forward Control 6 Adaptive and Inferential Control 
2(iii) De-coupling Control 7 Programmable Logic Control 
2(iv) IMC 8 Selective Control/Over-ride Systems 
2(v) MPC / DMC 9 Statistical Quality Control 
3 Optimising Control 10 Expert Systems 
4(i) Statistical Process Monitoring 
Although the distinctions are somewhat blurred, the classifications in Table 2.1 that cor-
respond to the areas of expert control, multivariable stabilizing control and supervisory 
control (with estimators and expert systems) are listed below (with key examples in brack-
ets): 
1 Fully autogenous grinding. Also 1 'AG 1 - autogenous grinding 
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Expert systems: 10. Expert Systems (Sotelo et al., 1996; Wardell-Johnson et al., 
1997). 
MVC: 2(iii) Decoupling Control and 2(v) MPC / DMC (Craig et al. , 1992b; Craig 
et al., 1992a; Niemi et al., 1992; Freeman et al., 1994; Valenzuela et al., 1994; Craig 
and MacLeod, 1995; Craig and MacLeod, 1996; Flament et al., 1997; Desbiens et al., 
1997; Niemi et al., 1997) and more recently (Boulvin et al., 1999). 
Supervisory: 3. Optimising Control, 6. Adaptive and Inferential Control and 
8. Selective Control/Over-ride Systems (Herbst et al., 1992; Herbst et al., 1993; 
Morrison, n.d.; Valenzuela et al., 1993; Borell et al., 1996; Hart and Swartz, 1997) 
also (Samskog et al., 1996) and more recently (Radhakrishnan, 1999). 
Current Trends 
The current trend in modelling mill load behaviour is primarily through discrete element 
methods (DEM) (Hodouin et al., 2001). This observation is reinforced by the large number 
of papers on this topic at SAG 2001 the Third International Conference on Autogenous 
and Semiautogen<:>us Grinding Technology, e.g., Rajamani and Mishra, 2001; Herbst and 
Pate, 2001; Bwalya and Moys, 2001; Cleary et al., 2001, which indicates that completely 
satisfactory grinding or load behaviour models have not yet been attained. DEM models of 
SAG mills have been developing since the mid 1990's (Ranamani and Mishra, 1996). Cur-
rent models are still based on spring/dash-pot models but now utilise increased computing 
power to better account for mill and lifter bar geometry, particle shape and the various 
ball-rock interactions that occur. Refinements to population balance models to account for 
the mill residence time distribution of rocks and particles are also being progressed (Austin 
and Cho, 2002). 
2.1.2 Instrumentation 
Table 2.2 lists the instrumentation requirements for SAG mill control, categorised as 'min-
imum', 'desirable' and 'ideal' (Fuenzalida et al., 1996). The 'ideal' level of instrumentation 
"would allow for the incorporation of more detailed process models, unmeasured variable 
estimations and other support tools; rendering a much more powerful control system, not 
only for stabilizing purposes but also for overall process performance optimization." 
The circuit that Fuenzalida et al. (1996) study differs from the NPM circuit in two ways: 
1. the SAG and ball mills discharge into a common sump, and, 
2. no flash flotation is present. 
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minimum 
desirable 
ideal 
Table 2.2: SAG Mill Control Instrumentation Requirements 
Measurements 
• Fresh feed tonnage measurement and a regulatory PID control 
loop, controlling feeders. 
• SAG mill power measurement. 
• SAG mill bearing pressure measurement. 
• SAG mill water measurement and a regulatory PID control loop. 
• Circulating pebbles measurement, if present. 
• Pebbles crusher power measurement, If present. 
• Ball mill power measurement. 
• Sump level measurement. 
• Sump and ball mill water addition measurement and a regulatory 
PID control loop. 
• Cyclone feed density measurement. 
• Cyclone feed pressure measurement. 
• SAG feed partic!e size measurement. 
• Independent command upon various ore feeders. 
• Cyclone feed flowrate measurement. 
• Cyclone overflow particle size and percent solids measurement. 
• Variable speed pump. 
• Cyclone automatic on/off valves. 
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Constructed in the early 1990's, the NPM circuit is well equipped and has all of the 
instrumentation listed in Table 2.2 except for: 
1. SAG feed particle measurement 
2. Primary cyclone overflow particle size and percent solids measurement. 
At a more fundamental level, Lynch (1977) states that in "any wet grinding circuit control 
system the basic sensing instrument requirements are: 
(1) measurement and control of all ore and water flow rates to the circuit; 
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(2) measurement of the pulp level in the sump, so that the sump may be prevented from 
overflowing or running dry; and 
(3) measurement of the circulating load, so that overload may be prevented." 
The latter is possible through the cyclone feed density- cyclone feed fiowrate measurement 
combination. 
2.1.3 Inferential Measurement 
Despite being well equipped in relation to these instrumentation lists (Section 2.1.2), in-
ferential measurement of SAG mill inventories and SAG mill feed and discharge streams 
at Northparkes Mines is absent. 
Indirect measurement of the mill inventories is possible via mill weight and power draw, 
conductivity probe and microphone measurements, acoustic spectral analysis, energy bal-
ance and state estimation. More recently, mill motor measurements have been utilised, in 
conjunction with other process variables, to infer mill loading, (Pontt, 2004). Direct mea-
surement of mill feed size distribution is available through video image analysis. Hodouin 
et al. (2001) summarise that "video images of flowing [conveyor/truck dumping) particulate 
material arc now processed to extract information on particle size." 
The uptake of these technologies has been relatively slow and isolated to larger mining 
houses and new installations. The lag between development and uptake is reflected in the 
uptake of model based decision making control (Herbst, 2000) . Industry reluctance is due 
to perceived gap between the technology cost and its benefits and also the performance 
record of the technology, or its stage of development . 
A review of each of these available inferential measurement methods will now follow in 
Section 2.2. Video image analysis is reviewed in in Section 2.3. A summary of the focus 
and objectives of this research is contained in Section 2.4. 
2.2 Mill Charge and Discharge Measurement 
2.2.1 Mill weight and power draw measurements 
Significant progress has been made in the area of inferential measurement of SAG mill 
inventory despite the associated difficulties (harsh operating environment, rotating nature 
of the mills and a comparatively low number of available measurements to the number of 
states). "Recent developments have been made in the direct measurement of the total load 
by the use of conductivity probes set into the mill lining (Moys et al. , 1996). Advances 
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have also been made wit~ the indirect measurement of the mill contents (Herbst and Pate, 
1999; Schroder, 2000) using Kalman filters in a combined state and parameter estimation 
framework" (Apelt et al., 2001a). 
Power draw 
Several mill power draw models have been developed since the pioneering work of Bond 
(1961). These models have generally developed from the refinement of the Bond-Allis 
Chalmers model (Moys, 1993; van Nierop and Moys, 1997a; Herbst and Pate, 1999), 
e.g., Equation (2.1), or via more detailed characterisation of the mill charge (JKTech, 
1994; Valery Jnr and Morrell, 1995; Napier-Munn et al., 1996; Valery Jnr., 1998), e.g., 
Equation (2.2) - which is presented in detail in Chapter 3. 
Paross = 03 sin(a)Dm 0 ·3Wc (3.2 - 3 V*) N* ( 1 - 29~;;N.) 
Paross = PNoLoad + k Pcha.rge 
where 
Paross 
PNoLoad 
Pcharge 
N* 
We 
v· 
a 
C3 
= 
= 
= 
= 
mill power draw (kW) 
power draw of empty mill (kW) 
charge contribution to the power draw (kW) 
fraction critical speed 
charge mass (t) (see the JA Herbst and .Associates weight 
model below) 
mill fraction occupied by the charge 
charge angle of repose 
constant 
(2.1) 
(2.2) 
Power draw is a function of mill load (mass and volume). This characteristic may be 
exploited to estimate mill charge levels. Erickson (1989), for example, generated volumetric 
ball charge fraction ( Jb) curves on a power draw-charge weight grid. The mill rock load is a 
function of the breakage processes that are occurring. Power draw models have developed 
in parallel with the development of the mill charge breakage models. Mill weight models 
have progressed accordingly also. 
The characteristic shape of the mill power draw curve (as a function of mill filling) which 
Equations (2.1) and (2.2) display, is shown Figure 2.1. 
Despite the range available of charge dependent power draw models, their utilisation for 
charge estimation has been limited to total charge level ( Jt) estimation for a specified ball 
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Figure 2.1: Mill power draw versus mill filling 
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charge level (Jb) (Kojovic et al., 2001, Strohmayr and Valery, 2001 ). Chapter 5 presents 
the novel use of the "Morrell Power draw Model" for the estimation of ball and total charge 
levels. 
Power draw measurement has also been analysed on a per-mill-revolution scale to determine 
total charge level. Koivistoinen and Miettunen (1989) found that the entry of the shell 
lifter bars into the charge caused power draw signal oscillation, the frequency of which is 
dependent on the number of shell lifter bar rows. The amplitude of oscillation is dependent 
on the charge volume with higher charge levels having a damping effect . The amplitude 
versus mill filling curve is concave, similar to the power draw versus mill filling curve of 
Figure 2.1. The limited utilisation of the osillation-charge level relationship may be due to 
a combination of the following: 
• A relatively low number of lifter bars (12 in this paper) is required for effective signal 
filtering. Typical mills have between three and four times this number of lifters ( 48 in 
this research, see Chapter 4). Alternative high-lifter, low-lifter arrangements would 
only increase the filtering difficulties. 
• The uncertainty introduced by the concave shape of the amplitude versus mill filling 
curve. 
• A lack of awareness of the osillation-charge level relati.onship or signal filtering ex-
pertise amongst operation personnel. 
Power draw models have been utilised in several cases in conjuction with mill weight models 
in a state estimation context, as discussed in Section 2.2.5. 
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Weight 
As mentioned above, mill weight models have progressed in parallel with the mill charge 
breakage and power draw models. A simple weight model is obtained through linear 
regression of the mill weight measurement against the internal states (inspection/state 
estimation) of the mill, see Equation (2.3) (Herbst and Pate, 1999). A more complex 
model is given in Equation (2.4) which, although also linear, contains complexity in the 
charge mass (Mcharge) term where charge geometry is taken into account. Equation (2.4) 
is presented in more detail in Chapter 5. 
MMill = C2 (Mcharge + MLiners) + Cl 
MMill = Mcharge + Mshell 
where 
MMill 
Mcharge 
MLiners 
Mshell 
Cl, C2 
= 
mill weight (load cell) measurement (t) 
weight of the mill contents (rock, water, media) (t) 
mill liner weight ( t) 
mill shell and lining weight ( t) 
intercept and slope constants, respectively 
(2.3) 
(2.4) 
The linear nature of the mill weight function of mill filling, which Equations (2.3) and (2.4) 
exhibit, is shown Figure 2.2. The curve is monotonically increasing and does not possess the 
'looping over' of the power draw curve, see Figure 2.1, which has uncertainty implications 
in charge estimates from the power draw measurements. This matter is discussed in more 
detail in Chapter 6. 
Mill weight is measured by mill bearing pressure or strain-gauge load cell. In the late 
1980's bearing pressure technology meant that bearing pressure was not considered accu-
rate enough for SAG mill control (Mular and Burkert, 1989). In the intervening years 
bearing pressure measurement has improved, has been adopted widely and is now con-
sidered a minimal requirement (Fuenzalida et al., 1996), see Table 2.1.2. Both bearing 
pressure and load cell measurements are strongly influenced by mill and charge motion. 
To compensate, recent bearing pressure model developments include the influence of mill 
charge shape and mill drive forces (Evans, 2001). 
Similar to the power draw model utilisation, mill weight models have been utilised to 
measure the total charge level (Jt) given the ball charge level (Jb), or, used in conjuction 
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with mill power draw models in state estimation contexts to estimate both the total and 
ball charge levels (Herbst and Pate, 1999) and (Apelt et al., 2001b). Chapter 5 presents· 
the novel use of a mill weight model for the estimation of the ball and total charge levels. 
2.2.2 Conductivity probe measurements and energy balance 
Shell lining and lifter bar components are secured to the inside of the mill shell with bolts. 
Conductivity probes fixed within the bolts (usually the longer lifter bar bolts) can measure 
conductivity during a mill revolution to gain information regarding charge. Conductivity 
is high within the charge, rises on entry at the charge toe and falls on exit at the charge 
shoulder. 
Strain gauges can be utilised in a similar manner. Force is exerted on a lifter bar as it enters 
at the charge toe and passes through the charge. On exit from the charge at the charge 
shoulder, the force decreases. Marklund and Oja (1996) utilised conductivity probes for 
total charge level measurement. The use of conductivity probes was the preferred method 
of four considered. The three methods eliminated were: 
1. Bearing Back Pressure. Recognised as a widely available measurement, its main 
weakness was said to be the shifts due to temperature and oil circuit valve behaviour. 
2. Power Draw Oscillation. Requiring no extra instrumentation or equipment - only sig-
nal filtering is necessary, the absence of shoulder position information was considered 
the main disadvantage. 
3. Forces on a Lifter. Able to clearly detect toe position, the slow decay of the strain 
gauge signal results in an unclear shoulder position. 
Mays and colleagues have worked extensively with the conductivity probe technique and 
have applied and progressed the technology from laboratory-scale through pilot-scale to 
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industrial scale (Moys, 1985; Moys, 1988; Moys, 1989; van Nierop and Moys, 1996; van 
Nierop and Moys, 1997 a; van Nierop and Moys, 1997 b). The information obtained from 
the conductivity measurement analysis includes: 
• total charge level (Jt) 
• charge centrifuging 
• mill overload 
• charge angle of repose (a) 
• slurry pooling at the charge toe angles 
• charge shoulder ( Os) and toe ( OT) angles (refer to Figure 2.3, which shows these 
angles for a simplified mill charge geometry) 
Mill 
90 ° ·-
o• 
Shoulder Angle 
Charge Kidney 
180" 
Figure 2.3: Simplified Mill Charge Geometry 
(Mays et al., 1996) 
To determine the volume of the total charge (Jt) from the conductivity measurements 
assumptions need to be made regarding the charge geometry. A flat surface between charge 
toe and shoulder, see Figure 2.3, is a common approximation. Another charge geometry 
assumption is the BHFU surface (an acronymn of initials of researchers Barth, Hinsley 
and Fobelets, and, Uggla who defined this hypothetical surface between 1930 and 1968), 
shown in Figure 2.4. The BHFU charge surface model was utilised for total charge level 
measurement via conductivity probes in liner bolts (Vermeulen and Schakowski, 1988). 
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Figure 2.4: BHFU Mill Charge Geometry 
(Vermeulen and Schakowski, 1988) 
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In the absence of flow measurement of SAG mill discharge water addition, Moys and 
colleagues have used thermocouples to define the energy and mass balances around the 
mill discharge sump to enable the inferential measurement of the: 
• mill discharge water addition rate 
• mill discharge density and viscosity 
• the mill charge viscosity 
(Mays, 1985; Mays et al., 1987; Van Drunick and Moys, 2001) 
In summary, conductivity probe measurements have been utilised successfully for total 
charge level (Jt) measurement. However, individual measurement of ball charge level (Jb) 
is not possible via this method. 
2.2.3 Acoustic spectral analysis and sound measurements 
In the 1980's, the use of mill sound for total charge measurement was relatively new and was 
receiving a mixed review. Mular and Burkert (1989), presumably utilising a microphone, 
considered it "not useful for control". However, the assessment of the utilisation of a audio 
probe mounted to the shell of a pilot scale mill saw some potent ial: "The audio probe 
measures vibrations from many sources and an expensive transducer and sophisticated 
techniques of frequency analysis would be required to isolate the signals that come from 
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sources close to the transducer. A major advantage of such a device is that it would not 
be subject to wear and would thus require no maintenance" (Mays, 1985). The potential 
in the use of stereophonic microphones, positioned at angular positions on either side of 
the charge toe (generally the point of impact) was also recognised for charge level and mill 
pulp density indication (Mays, 1988). Discussion arising from this paper concluded that: 
• a microphone at 6 o'clock and another at 3 or 4 o'clock was a viable mill mass (total 
charge level) indication option for retrofitting 
• the 6 o'clock microphone could also be used for pulp density indication 
(Lyon, 1988) 
Since the 1980's sound measurement has gained wider acceptance and is used with mill 
bearing pressure and mill motor windings temperature in a variable speed mill control 
strategy which manipulates mill feedrate subject tq high-low limits on the former three 
measurements (Perry and Anderson, 1996). 
Mill vibrations and acoustic emissions technology has also developed markedly. Digital 
accoustic signals emitted from laboratory-scale ball mill and transformed to power spectral 
densities were found to correlate highly with fine particle size distributions (-75p,m to 4000 
p,m) (Aldrich and Theron, 2000). 
"Judicious use of signal processing" for improved signal to noise ratio is currently being 
pursued for the measurement of in-mill variables, particularly charge toe angle, based on 
physics-based models of charge motion and the various rock-ball-mill shell collisions (Pax, 
2001). 
Along a similar vein, the measurement of charge position, motion and collisions is being 
pursued using the processing of surface vibration signals from accelerometers on the mill 
shell, sent to a fast data acquisition system and interpreted with the aid of a DEM mill 
model (Spencer et al., 2000; Campbell et al., 2001). 
Since the first Edition of this thesis, the process control team at Northparkes Mines have 
upgraded the PLC controllers in the grinding circuit. The increased capabilit ies allowed 
the site to commission the implementation of mill load constraint-control (Thornton et 
al., 2005). The control strategy employs a pair of microphones for the audio-indication 
of charge toe position, manipulating feedrate to control charge level subject to an upper 
constraint on mill powerdraw. The SAG mill control system has a high degree of operator 
acceptance (95% utilisation) and can deal with "a wide range of plant disturbances and 
keep the mill operating at optimal load." 
In summary, sound measurement is proving a useful indicator for charge toe position and 
total charge level. More recently, it has been successfully utilised in a mill charge control 
strategy. The technology of spectral analysis of mill sound and vibrations for toe position, 
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total charge level and charge motion information is currently emerging and showing good 
potential. Both techniques give total charge level (Jt) measurement only. Individual 
measurement of ball charge level ( Jb) is not yet possible via these methods. 
2.2.4 Mill motor measurements 
Pontt (2004) has developed a load filling inferential measurement monitoring device that 
utilises the load torque reaction produced by the mill charge, stator voltage and excitation 
current of the large (20MW) synchronous mill-drive motors increasingly employed at large-
scale, low-grade operations. Results for a 15,000 Hp SAG mill are presented that exhibited 
good correlation with visual inspection of mill filling. Utilisation of the MONSAG system 
increased production by approximately 3.2% and improved specific energy consumption by 
3.8%. 
2.2.5 State estimation 
The comminution process is a typical industrial process in that "the total state vector can 
seldom be measured and the number of outputs is much less than the number of states" 
(Ray, 1981). State estimation techniques may be utilised to "provide acceptable estimates 
of all the state variables (even those not directly measured) in the face of measurement 
error and process disturbances" (Ray, 1981). 
Significant research has been conducted in the use of Kalman filters for comminution 
process state estimation. Much of the research has been conducted by J .A. Herbst and 
colleagues whom, over time, have had association with Utah Comminution Centre, Con-
trol International (Inc.), GS Industries, JA Herbst and Associates, Svedala (Optimization 
Services and CISA) and Metso Minerals. 
In the 1980's, in adaptive control strategies, the utilisation of a Kalman filter to estimate 
the current state, model parameters and the predicted state (in the next time step) is 
discussed (Herbst and Alba J ., 1985). In conjunction with the use of a lifter-bolt strain 
gauge (for charge position indication), mill power draw measurement, and process models 
of the grinding media and mill shell lining, a Kalman filter was utilised to estimate the ball 
charge level and wear rate, liner thickness and wear rate (Herbst and Gabardi, 1988). The 
resulting control was a consistent ball charging rate for ball charge control at maximum 
mill power draw. 
The lack of a rock charge model and the "tumbling mill" terminology in this example 
indicates that it is a ball mill under scrutiny. The foundation work, from the early 1980's, 
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is the University of Utah PhD thesis ofW.T. Pate who studied a ball mill circuit2 . Kalman 
filters were applied to autogenousjsemiautogenous (AG/SAG) mills in the late 1980's when 
estimates of rock (one combined state), ball and water charges, shell liner weight and ore 
grindability were obtained from a dynamic model-Kalman filter arrangement (Herbst et 
al., 1989). Mill bearing pressure and power draw were the plant measurements utilised in 
this instance. 
In the 1990's and in more recent years, the work of Herbst and colleagues is essentially 
the documentation of industrial applications and development of a commercial soft-sensor 
(Herbst and Pate, 1999; Herbst and Pate, 2001). 
N orthEst, a JA Herbst and Associates commercial software product, was installed at 
Northparkes Mines late 1996 to estimate (and trend) the following unmeasured variables: 
• Total charge filling level 
• Ball filling level 
• Grindability of the ore (t/kWh) 
• The fraction greater than 55 mm within the mill (and by difference the fraction less 
than 55 mm)(Herbst & Associates, 1996) 
(The system consisted of five (5) state estimates (mill hold-up of two rock states (±55 mm), 
water, grinding balls and shell liner weight) and two (2) parameter estimates (ore grindability 
and charge angle of repose)) 
In its initial "Operator Monitoring'' configuration, a 1 - 2% throughput improvement (over 
baseline) was expected. This target was not achieved due to various factors, such as: 
• Configuration. The system was set up for a SAG mill with discharge trammel screen 
arrangement. Shortly after software installation, the trammel screen (which is at-
tached to the mill itself) was removed and replaced by a (detached) vibrating screen, 
thus upsetting the mill weight calibration. 
• Expertise. The system required the attention of a engineer trained-up on the soft-
ware. Personnel movements and re-allocations at that time left the system without 
a "champion". 
• Mistrust. Comprehension of the system and its functioning and capabilities was less 
than ideal. This lack of knowledge brought a degree of mistrust of the system which 
was not further utilised beyond the first commissioning stage. 
A Kalman filter has been used on a iron ore pebble mill to "allow on-line estimation of filling 
levels, charge angle of repose, particle grinding rates, pebble wear and product size" (Herbst 
and Pate, 1996). Herbst and Pate (1999) describe a generic softsensor with examples of 
• ore grindability estimation for a ball mill 
2Discussion with WT Pate at SAG 2001 Conference, Vancouver, Sep 30 • Oct 3, 2001 
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• estimation of mill filling (ore, balls and water), dynamic angle of repose and ore 
grindability for a SAG mill 
The Svedala Cisa OCS@ optimising control system package for AG / SAG mills includes 
a softsensor module (Broussaud et al., 2001). Applications on minimally and comprehen-
sively instrumented plants are described. The softsensor "continuously computes a mass 
balance and estimates mill charge (mass of solids, simplified size distribution and percent 
solids in the mill), cyclone feed, circulating load and cyclone overflow (particle size and 
percent solids)." The following "guideline for defining a proper level of instrumentation" is 
given in Table 2.3 (and correlates well with the list given earlier in Table 2.2). 
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Table 2.3: Guideline for defining a proper level of instrumentation 
1. The minimum level which should be installed regardless of the size of the plant and other 
conditions, consists of: 
- feed rate measurement (weigh scales) and control, 
- all water additions measurement (flowmeters) and control valves), 
- mill power draw (all mills), 
- sump level (ultrasonic level sensors) and pump speed if there is a sump and variable 
speed pump, 
- DCS or PLC controls. 
2. The next priority should be given to instruments which help the OCS© EKF and model 
to more accurately predict overload trends, and operate the process close to the circulating 
load limits: 
- mill charge: bearing pressure (when properly used), or load cells provide initial, inex-
pensive and valuable information. It comes systematically with state of the art mills, 
- weigh scale(s) on the pebbles crusher circuit, 
- magnetic flowmeter and nuclear density gauge on cyclone feed, 
- automatic valves for opening and closing cyclones in the classification circuit. 
3. The need for installation of additional instrumentation should be assessed specifically for 
each plant when ore properties are variable. The following measurements are recommended 
and expected to become almost standard in the future: 
- Visual feed size analysis. The SAG mill feed size distribution can be measured on the 
feed belt via camera connected to a computer. Advanced dedicated image analysis 
system like Svedala TVis accounts for particle overlap and segregation on the belt and 
generates 30 distribution (sic] . This information adds value to an optimizing control 
system. When OCS© soft sensor and predictor optimizer are in operat ion, real time 
information on feed size improves the accuracy of estimates of ore hardness or grind-
ability, and makes it possible to better anticipate overload trends and opportunities to 
increase feedrate or power. 
- CCM: Continuous Charge Monitoring - Svedala has developed an advanced sensor for 
directly measuring mill load in rubber lined mills. CCM provides information which 
is complementary to bearing pressm:e or load cells since it may discriminate between 
liquid and solids, or rocks and fine ore and contains information about charge locat ion 
and in some cases conditions of lifters. 
- Sound sensors: The nature and location of the sound generated by impacts within the 
mill contain an enormous amount of information about what is happening inside t he 
mill. 
4. When the downstream process is highly sensitive to particle size (like iron ore pelletizing 
or some flotation processes), a direct measurement of product fineness is appropriate. Such 
measurement may be either a measurement of particle size or something more specific - such 
as Blaine specific surface in iron ore pellet plants for instance. 
(Broussaud et al., 2001) 
Chapter 2. Background 61 
The application of Kalman filters to SAG mill state estimation is clearly well progressed. 
In the "mature, active, emerging'' terminology of Hodouin et al., (2001) due to the lack 
of widespread adoption it is should be considered an "active" area. This assessment is 
reinforced by the following points: 
• Broussaud et al. (2001) assess that the on-line "estimation of the ball load and 
wear rate in a SAG mill remains a major difficulty in most plants. Ball addition 
is almost never perfectly controlled in SAG mills, essentially because there is no 
fully operational commercial ball addition system yet. Control systems have some 
difficulty finding the relative contribution of ore and balls to mill power draw. In the 
future a combination of CCM and good control of ball addition should allow a closer 
on-line optimization of the ball load and further improve SAG mill performance." 
• The Herbst and Pate application of a Kalman filter for the estimation of mill rock 
and ball hold-up is recognised in a review of automation in the minerals processing 
industry where the implementation of model predictive control is hampered by "lack 
of precedent applications, high engineering costs and inappropriate control technolo-
gies" (Jamsa-Jounela, 2001) . 
• Research into state estimation for SAG mills is also currently being progressed at 
the Julius Kruttschnitt Mineral Research Centre where a Kalman filter is utilised to 
predict ore hardness, mill total charge and mill discharge factors (Schroder, 2000). 
An open-loop plant trial gave good correlation and tracking performance. 
Although some difficulties are experienced, state estimation of mill rock charge, ball charge 
(Jb), water charge and thus total charge (Jt) is possible. In Chapter 7 combined state 
and parameter estimation for SAG mills is discussed further with the presentation of two 
formulations including the presentation of novel measurement models, one of which has 
already been placed in the public domain (Apelt et al. , 200lb). 
2.3 Feed Size Distribution Measurement 
Feed size distribution measurement is generally considered important but not crucial, see 
Tables 2.2 and 2.3. Online image analysis is generally the accepted method for size mea-
surement. The technology has been developing since the 1980's from the one-dimensional 
Autometrics MSD 95 instrument which used "photo-detectors to detect the shadows be-
tween the rocks along a probe line in the centre of the conveyor belt. These shadow data 
are then converted to size measurements" (Lange, 1988). Moving to a two dimensional im-
age analysis instrument for improved size distribution estimation required a digital camera 
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(with high shutter speed) and further image processing developments to account for fol-
lowing important characteristics (which affect the stereology3): 
"(a) The rocks overlap (occlude) and hide portions of one another. 
(b) Occasionally a large rock looks like a group of small rocks, and groups of small rocks 
look like large single rocks. 
(c) The surfaces of these rocks range from very smooth to very rough. The rocks can 
be described generally as having convex surfaces but they may have many ridges, 
indentations, and other features on their surfaces. 
(d) Although not apparent in the images presented, the colour and intensities of these 
rocks also vary greatly, not only from rock to rock, but within a single rock. 
(e) The rocks are 'randomly' oriented, but there are packing patterns. 
(f) Some form of classification occurs on the conveyor belts. Small rocks may fall to the 
bottom or the rocks may be sorted across the width of the belt during loading from 
the hopper." 
(Lange, 1988) 
A good software-hardware match is required for practical instrument and despite blurring 
from belt speed and segregation on the belt, the ''measurement is acceptable for use in 
milling control"(Lyon, 1988). 
Since the 1980's the image methods have progressed to the point that numerous commercial 
instruments are available, including: 
• OOS : An instrument developed in Australia that analyses contours that parallel 
laser beams make on rock laden conveyor belts (Fimeri, 1997) and best able to 
detect relative size changes on industrial conveyor belts (Davies et al., 2000). 
• SPLIT/ Split - Online : An image analysis system used to estimate the size dis-
tribution of blasted rock piles and moving streams. Arising from research at the 
University of Arizona, the Split Engineering product is now associated with the 
Julius Kruttschnitt Mineral Research Centre (Morrison, 2000). Image transforma-
tion is either by fragment delineation or a circular feature identification (circle centres 
and radii) algorithm (Girdner et al., 2001). 
3T he transformation that relates two-dimensional information to three-dimensional structure 
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• T-V IS : An instrument that analyses digital video frames of laden conveyor belts or 
truck-dumping points using software developed at the University of Utah to transform 
linear chord length distributions to volumetric distributions (Herbst and Blust, 2000). 
The actual sizing versus the T-V IS sizing for a given example was "very close". The 
stereology accounts for particle overlap and segregation on the belt and generates 3D 
distribution (Broussaud et al., 2001). 
• W ipFrag : An instrument that analyses images from a camera source. Originally 
developed to measure the size distribution of blasted rock with a "roving camera" 
(Maerz and Palangio, 2000). Inherent limitations of optical image analysis constrains 
measurement accuracy. However, the instrument has high precision and hence its 
output can be "used as a process control instrument, focusing on very small changes 
in measured size" (Maerz, 2001). 
An alternative to the above dimensional image processing methods is a texture based image 
processing algorithm (Petersen et al., 1998). Mill feed systems exhibit a wide variety of 
conditions, e.g., "order-of-magnitude ranges in particle size, the presence of mud and water, 
and concealment of particles" which can be better accommodated for by a textural approach 
(two-dimensional grey level (range and variance) assessment versus pattern recognition). 
In a developmental stage, this technology gave average particle size measurements to better 
than 90% accuracy. 
With feed size measurement technology, particularly pattern recognition methods, reaching 
a high level of maturity, opportunities now exist to manipulate AG/ SAG mill feed size 
distribution through stockpile feeder operation and blast pattern selection (Morrell and 
Valery, 2001) and through blasting practice optimisation (Sherman, 2001). 
Despite these advances in size measurement there is scope for development of model-based 
means. Chapter 5 presents a novel model-based method for the inferential measurement 
of the feed size distribution which could be utilised as an alternative where capital or 
installation costs of the pattern and textural instrumentation are prohibitive. 
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2.4 Research Focus and Objectives 
2.4.1 Focus 
Recall from Section 1.3 that the lack of measurements around the SAG mill is a primary 
cause of the problems associated with SAG mill operation at Northparkes Mines. Hence, 
the area of inferential measurement modelling for SAG mills was stipulated as the focus of 
this research. The review of the literature and the relevant research in the area finds that: 
Mill Inventories : Significant advances in this area have been made. The literature 
review has shown that developments in the concurrent estimation of both the ball 
charge level (Jb) and total charge level (Jt) is limited to state estimation formula-
tions. Mill weight and power draw measurements have been utilised to estimate the 
total charge level (Jt) for a specified ball charge level (Jb). These measurements are 
generally available and there is scope to utilise them for the simultaneous estimation 
of the charge levels (Jt & Jb) · 
Feed Size : Image analysis instruments are gaining wider acceptance in industry. 
A primary concern of such instruments is the error introduced during the image 
analysis. The cost of these instruments is also prohibitive in some cases. Hence, 
there is scope to investigate a model-based alternative for inferential mill feed size 
measurement. 
SAG Mill Discharge : Measurement of SAG mill discharge has generally been 
restricted to the direct measurement of cyclone feed flow and density. These mea-
surements have also been inferred from mass and energy balances in the absence 
of flow meters and density gauges. The mill discharge measurement is a bulk flow 
measurement (solid, liquid and pulp). There is scope to investigate a size by size 
mill discharge inferential measurement which could provide insight into SAG mill 
performance. 
State Estimation: Much work has been conducted in the area of state estimation 
for comminution circuits. However, widespread acceptance of this technology in the 
minerals processing industry is not evident. There is scope to add to the body of 
SAG mill state estimation knowledge which could assist in the transition from an 
'active' to a 'mature' technology. 
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2.4.2 Objectives 
In view of the findings of the review and the research focus, the objectives of this research 
are: 
1. Mill Inventories : To develop and assess inferential models capable of the concur-
rent estimation of both of the SAG total charge (Jt) and ball charge ( Jb) filling levels 
from mill weight or mill power draw measurements. 
2. Feed Size : To develop and assess an alternative model-based inferential measure-
ment of the SAG mill feed size distribution. The inferential measurement of the SAG 
mill feed rate and solids content is integral to the development of the inferential size 
measurement. Therefore, "to develop and assess an inferential model of the feed rate" 
is a further objective of this research. 
3. SAG Mill Discharge : To develop and assess an inferent ial model of the SAG 
mill discharge rate and size distribution based on other plant measurements and 
equipment specifications. 
4. State Estimation : To develop a combined state and parameter estimation formu-
lation that utilises the SAG mill discharge models proposed by this research such that 
comparison may be made to the mill inventory inferential models and information 
supporting SAG mill state estimation may be added to the body of knowledge. 
The research area of inferential measurement modelling for SAG mills is not on a "control 
method" in itself. However , using the terminology of Hodouin et al. (2001), the focus of 
this research falls in the "active" and "emerging" areas. The control method classifications 
into which this research falls generally are: 
• Supervisory control of FAG/ SAG grinding circuit using a combination of estimators 
and expert systems 
• On-line use of phenomenological models. 
In contributing to this area, by adding to the number of inferential measurement models 
available to industry and to the information available about the models, this research aims 
to assist the transition that takes a control method from an "active" or "emerging'' phase 
to a "mature" phase. 
Chapter 3 
Steady State Model Development 
and Validatio-n 
In this Chapter the development and validation of steady state models of various comminu-
tion unit operations and the Northparkes Mines grinding circuit are described. Discussion 
of the steady state models is required as they are the foundation of the developments de-
tailed in Chapters 4 through 7, especially the models of the SAG mill, oversize crusher, 
primary cyclones and SAG mill discharge screen. The source of the data utilised for model 
validation is detailed in Section 3.2. The development and validation of the unit operation 
models in isolation is described in Section 3.3. The linking of the unit operation models 
to form the Northparkes Mines grinding circuit and the circuit model validation are de-
scribed in Section 3.4. Further model validation, against published data (Gault, 1975), is 
presented in Section 3.5. 
The foundation of the modelling work in this Chapter and those that follow is that of 
the Julius Kruttschnitt Mineral Research Centre, which has studied and modelled autoge-
nous (AG) and semi-autogenous grinding (SAG) mills for over twenty (20) years (Morrell 
and Delboni Jnr, 1996). Their "Variable Rates" AG/SAG model (utilised in this work) 
is "arguably . . . the only one that is widely used .. . for design, pilot mill scale-up and 
optimisation" (Morrell et al., 2001), which reflects the quality and depth of their research 
programme. These models are gaining wider acceptance and are being utilised for mill 
scale-up, design and optimisation (Morrell, 2004). 
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3.1 Model Development Logic 
This Section provides an overview of logic behind the development and utilisation of the 
models presented in Chapters 3, 4 and 5. 
In Chapter 3, the steady state models of the unit operations that make up the grinding 
circuit at Northparkes Mines are described. The basis of the steady state models is the 
extensive modelling work conducted by the Julius Kruttschnitt Mineral Research Centre. 
The models are realised in the MATLAB-Simulink environment in the model develop-
ment sections. This development serves two purposes. Firstly, replicating the results of 
commercially-available software demonstrates that the models have been correctly coded 
in the MATLAB-Simulink environment. Secondly, sufficient confidence in the steady state 
model coding allowed the progression of the research towards the final goal of the devel-
opment of inferential measurement models. 
The physics behind the steady-state models is not described in detail in this Thesis. Such 
description is beyond the scope of this research. FUrthermore, the model physics is de--
scribed in detail elsewhere (Whiten, 1974), (Lynch, 1977), (JKTech, 1994), (Morrell and 
Delboni Jnr, 1996), (Napier-Munn et al., 1996), (Valery Jnr., 1998), etc. 
Dynamic models of the SAG mill ball charge, rock charge, water charge and mill liner 
weight are presented in Chapter 4. The SAG mill ball charge and mill liner models are 
novel to this research and the associated physics and logic are presented alongside the 
development of the model equations. 
The SAG mill rock and water charge models are dynamic extensions of the steady state 
models presented in Chapter 3 and draw heavily from the work of Valery, (Valery Jnr 
and Morrell, 1995) and (Valery Jnr., 1998), who was· conducting research at the Julius 
Kruttschnitt Mineral Research Centre at that time. 
The presentation and development of dynamic models was required for their utilisation in 
the Combined State and Parameter Estimation model formulations presented in Chapter 7 
and described in one of the the journal papers resulting from this research: Apelt et al. 
(2002a). 
Chapter 5 describes the inferential measurement models of the SAG mill inventories, fresh 
feedrate and discharge rate and the corresponding size estimates. The development of these 
inferential models was a key objective of this research. The inferential models have been 
described in two further journal papers resulting from this research: Apelt et al. {2001a) 
and Apelt et al. (2002b). 
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The models are subjected to model validation, sensitivity analysis (also detailed in these 
two journal papers) and case-study type applications in Chapters 5, 6 and 8, respectively. 
The model demonstration on plant data, construction of a SAG mill operating curve and 
MVC development and simulation constitute the content of the next journal inst allment 
(Apelt and Thornhill, In Press) . 
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Figure 3.1: Model development logic, illustrating how the steady-state models form the 
foundation from which the dynamic, inferential and state-estimation are developed. 
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3.2 Model Validation Data Source 
The data utilised for model validation originates from the results of detailed grinding cir-
cuit surveys conducted in early 1997 (David, 1997). A consultant from JKTech1 attended 
site and co-ordinated the surveying of Module 1 and 2 grinding circuits with site person-
nel, including the author. Duplicate steady-state surveys of each grinding module were 
completed. The surveys were conducted for steady state model generation purposes. 
The on-site survey procedure entailed: 
1. Setup: Operating parameters conducive to steady-state grinding circuit operation 
were established a number of hours (nominally 4 hours in this case) prior to the target 
circuit survey start time. These operating parameters were maintained to allow the 
circuit to reach steady-state. 
2. Sampling: Once steady-state conditions were prevalent, sampling of the circuit com-
menced. Fifteen-minute samples were taken of the primary and secondary cyclone 
feed, overflow and underflow streams, the SAG mill discharge screen undersize stream 
and the ball discharge stream over a two-hour period. Circuit operating parameters 
were monitored and recorded during this two-hour period to ensure steady-state con-
ditions were maintained. 
The slurry-stream samples were collected using slotted, sampling scoops and collected 
in buckets. Cyclone feed sampling was effected by the utilisation of the periodic 
opening of the knife-gate valve feeding to a spare cyclone with a blanked-off overflow. 
This configuration allowed the taking of a feed sample via the cyclone spigot while 
the knife-gate valve was open. 
3. SAG mill crash-stop: At the end of the two-hour survey period, the SAG mill 
was crashed-stopped. Once the SAG mill, SAG mill feed conveyor and the oversize 
crusher feed conveyor had been electrically isolated, belt-cut samples were taken and 
a mill inspection was completed to determine mill rock and ball loading. The belt-cut 
samples were collected into sealed, 44-gallon drums. 
All of the samples were dispatched to The Julius Kruttschnitt Mineral Research Cen-
tre for size and moisture analysis. The results obtained were then utilised to generate 
J K SimM et2 models for each of the processing unit operations, using the model-fitting 
functionality incorporated in J K SimM et. The individual models were then linked up to 
1 JKTech is the commercial division of the Julius Kruttschnitt Mineral Research Centre (JKMRC) 
2 Steady state mineral processing simulation software developed at the JKMRC and distributed by 
JKTech 
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match the topology of the Northparkes Mines grinding circuits. These circuit models were 
then used to simulate various operating conditions and process configuration alterations 
so that informed decisions regarding production targets were possible. The findings were 
documented in the report by David (1997), which was the main project deliverable. 
The base-case simulation circuit model for Module 1 Grinding Circuit presented in the 
report represents the as-surveyed circuit model. It is this model that is used as the reference 
case for model validation in this document. As mentioned previously, the JKSimMet 
Module 1 circuit model results are detailed in Appendix B. 
3.3 Steady State Model Development 
This Section details steady state models of the following comminution unit operations: 
• SAG mill 
• hydrocyclones 
• oversize crusher 
• mill discharge screens 
• ball mill 
• flash flotation cells 
The unit operation models have been coded into MATLAB-Simulink. The models are 
based on those developed by the Julius Kruttschnitt Mineral Research Centre (Morrell 
and Morrison, 1989; JKTech, 1994; Morrell and Delboni Jr, 1996; Morrell and Morrison, 
1996; Napier-Munn et al., 1996; Valery Jnr., 1998) with the model parameters being drawn 
from the survey models (David, 1997), see Appendix B. 
The JKSimMet simulation model of the Module 1 grinding circuit is the basis of the model 
constructed in MATLAB-Simulink. The JKSimMet simulation results, model parameters 
and other grinding circuit survey data are contained in Appendix B. The JKSimMet 
simulation results also form the basis of the MATLAB-Simulink model validation. 
In this Section, the unit operation models are firstly described with model validation of 
each unit operation in isolation. In Section 3.4 the units are linked together to simulate the 
Northparkes Mines Module 1 grinding circuit and validated against the survey information 
in Appendix B. 
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3.3.1 SAG Mill 
A simplified cross-sectional view of the charge within a rotating SAG mill is shown in 
Figure 3.2. Lifter bars on the mill shell lift the charge to the shoulder from where the 
material is thrown or rolls (cataracts) towards the charge toe. The throwing, cat aracting 
and general rubbing that occurs within the charge causes high energy (impact) and low 
energy (abrasion & attrition) breakage. 
The rotating charge with the mill forms a kidney shape across which a velocity profile exists. 
At the 'eye' of the kidney the velocity is zero. The charge inner radius, ri , delineates the 
"active" and "inactive" regions of the charge. Most breakage occurs within the active part 
of the charge and it is the active part of the charge that may be used in the modelling of 
mill weight and mill powerdraw. 
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Figure 3.2: Simplified mill charge cross-section 
The SAG mill model is comprised of: 
1. solids balance 
2. water balance 
3. ball charge model 
4. powerdraw model 
5. impact zone model 
The solids and water balances are inter-related and are integral to the perfectly mixed 
mill model described below. The ball charge model is independent of these mass balances. 
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However, the ball charge influences the solids balance via the breakage rates. The pow-
erdraw and impact zone models are utilised once the mass balances and ball charge have 
been specified. 
SAG Mill Charge/Product Model Algorithm 
To further clarify the relationships between the mass balance and ball charge models, the 
calculation sequence for the perfectly mixed SAG mill model is presented below. Dia-
grammatic representation of this algorithm is given elsewhere (Napier-Munn et al., 1996), 
(Valery Jnr., 1998) . 
1. Read input data 
• mill specifications 
• discharge grate specifications 
• general appearance function database 
• initial estimate of rock charge 
• ball charge 
• feedrate and size distribution 
• ore breakage characteristics 
• breakage rates 
2. Make initial estimates of mill slurry holdup and mill discharge 
3. Calculate low and high energy appearance functions and the combined appearance 
function 
4. Apply the steady state perfectly mixed mill model 
5. Compare the new estimates of mill slurry holdup with intial estimate 
6. If error acceptable, stop 
7. Else, adjust maximum discharge rate and return to Step 4. 
Solids Balance 
The solids mass balance for the SAG mill is based on the Whiten perfect mixing model 
(Whiten, 1974), which is an independently developed, special case of the general population 
balance model described elsewhere (Austin et al. , 1987). On a size by size basis, the solids 
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may be stated as follows (Valery and Morrell, 1995), (Napier-Munn et al., 1996) : 
Accumulation - In - Out+ Generation - Consumption 
i-1 dsi 
-
dt - fi - Pi + L TjSjUij - (1 - Uii)riSi j=l 
Accumulation = 0 at steady state 
i-1 
where 
Si 
h 
Pi = 
Ti 
0 = fi - Pi + L TjSjaij - (1 - aii)riSi 
j=l 
mill rock charge particles in size i ( t) 
feedrate of particles in size i (t / hr) 
mill discharge (product) of particles in size i (t/ hr) 
breakage rate of particles in size i (hr-1) 
aij = appearance function of particles appearing in size i (a func-
tion of the breakage distribution of particles in sizes ;::: size i) 
(fraction) 
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(3.1) 
(3.2) 
The feed component in Equation (3.1) requires no further discussion except that it is 
assumed to be known e.g. , from sizings of conveyor belt samples taken during a grind-
ing survey. The product, generation and consumption components will now be discussed 
further. 
Product 
The mill product, Pi , (the SAG mill discharge stream, SM D C) is calculated as follows: 
Pi = do CiSi 
where 
do 
Ci 
maximum mill discharge rate constant (hr-1) 
grate classificat ion function for size i (fraction) 
probability of a size i particle passing through mill discharge 
grate 
(3.3) 
Referring to Equation (3.4) and Figure 3.3, the grate classification function, Ci, is equal to 
unity for particle sizes less than the size that behaves like water, Xm (x < xm) and equal to 
zero for particle sizes greater than the notional pebble port aperture size, Xp (x > Xp)· For 
particles sizes greater than the water-like size but less than or equal to the grate aperture 
size, x9 (xm < size ~ x9 ), the classification function, Ci, decreases linearly to the point 
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(x9 , f p) where there is a change in gradient. From this point, the classification function, 
q, decreases linearly to the point (xp,O). The fitted model parameter fp is the notional 
open area of the pebble ports as a fraction of the total grate open area (JKTech, 1994). 
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Ci = 
Ci -
0.0 for x ~ Xp 
Xp- X jp 
Xp- Xg 
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Figure 3.3: Grate Classification Function 
(3.4) 
The mill ore charge, si, product, Pi, and maximum mill discharge rate constant, do are 
determined in an iterative manner given the initial estimate of the ore charge and Xm, the 
particle size which behaves effectively as water in the milL 
From the initial estimates of the SAG mill rock charge properties (SM R C) and size dis-
tribution (smrc) the volumetric fraction of the grinding charge occupied by slurry, Jpm, 
is determined which can then be utilised to determine the volumetric discharge from the 
mill, Q. 
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Q - Qm + Qt (3.5) 
Qm = 6100 J:m/2.5 A¢>-1.38 Do.s (3.6) 
Qt - 935 Jpt12 A D0·5 (3.7) 
where 
Qm = mill discharge fiowrate through grinding media (m3 /hr) 
Qt 
-
mill discharge fiowrate through slurry pool at toe of the charge (m3 / hr) 
A 
-
total discharge grate open area (m2) 
D - mill inside diameter (m) 
'Y - mean relative radial position of open area. (fraction) 
¢ - fraction critical mill speed (fraction) 
Jmax - 0.5Jt - Jpo (3.8) 
= maximum possible nett fractional grinding media slurry holdup (fraction) 
Jp - Jpg - Jpo (3.9) 
- Jpm (for Jp ~ J max) (3.10) 
- Jpt + Jpm (for Jp > Jmax) (3.11) 
= nett fractional holdup of slurry in mill (fraction) 
Jpm - nett fractional holdup of slurry in mill tha:t is contained within 
the grinding charge interstices (fraction) 
Jpt = nett fractional holdup of slurry in mill that is contained in 
the slurry pool at the toe of the charge (fraction) 
(i.e., slurry outside the grinding charge) 
Jpg - gross fractional holdup of slurry in mill (fraction) 
Jpo = 0.33(1 - rn) (3 .12) 
= nett fractional slurry holdup in mill 'dead' zone (fraction) 
(i.e., fraction of mill volume outside outermost grate apertures) 
Jpt = Jp - Jmax (3.13) 
Jt = mill volume fraction occupied by the grinding charge 
(balls + coarse rocks + interstices) (fraction) 
Tn. 
-
relative radial position of outermost grate apertures (fraction) 
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The initial estimates of volumetric mill discharge and rock charge are used to determine 
the the maximum mill discharge rate, do (Valery Jnr., 1998) , 
do = Qm + Qt 
(Jpm + lpt) · Vm (3.14) 
where 
V m = mill internal volume (m3) 
Napier-Munn et al. (1996) state that the charge toe angle, ()T, and the slurry toe angle, 
0To, are equal for grate discharge mills, i .e., 
eTo = aT (3.15) 
This implies that no slurry pool exists and the nett fractional hold up of slurry is less than 
the media maximum holdup capacity, i.e., Jp ~ lmax, and reduces Equation (3 .14) to 
Qm 
do= Jpm · Vm {3.16) 
and mill volumetric discharge may then be calculated from Qm only {Equation (3.6)). 
(Section 3.3.1 discusses charge toe and slurry toe angle in more detail.) 
Recognising the the mill volumetric discharge, Qm, is in fact the mill product which consists 
of water and water-like solids (size < Xm), i .e., 
Pxm = kgQm {3.17) 
allows the calculation of an initial estimate of the maximum discharge rate constant, do , 
and the volume of solids of size < Xm, Sxm, from 
dxm 
where 
dxm 
Pxm 
-
Sxm 
- do 
= mill discharge rate for water and solids of size < Xm (hr-1) 
- maximum mill discharge rate constant (hr- 1 ) 
Dm2 
Sxm = lpg 1r - 4- Lm 
= volume of water and solids of size < Xm in the mill (m3 ) 
k9 = factor to account for coarse material (-) 
(3 .18) 
(3.19) 
(3.20) 
The steady st ate mass balance, Equation {3.1), is then applied and solved for the rock load, 
S M RC j smrc. The corresponding volume of rock load smaller than Xm is then calculated 
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and compared to the initial estimate. The maximum discharge rate, do, is adjusted by 
Equation (3.21) until agreement is satisfactory. 
~. k+l = do, k. Sxm, k+1 
Sxm, k 
where 
do, k+l = discharge rate constant at k + 1th iteration (hr-1) 
do, k = discharge rate constant at kth iteration (hr-1) 
do, k+l = discharge rate constant at k + 1 th iteration (hr- 1) 
Sxm, k+ 1 = mill water and rock charge smaller than Xm at k 
iteration (m3) 
+ 1th 
Sxm, k = mill water and rock charge smaller than Xm at kth iteration 
(m3) 
k = iteration step 
(3 .21) 
In summary, the calculation sequence for the maximum mill discharge rate constant (do) 
is as follows: 
1. Given 
• initial estimates of the rock charge, S M RC / smrc 
• particle size that behaves effectively as water, Xm 
determine 
• volumetric fraction of grinding charge voidage occupied by slurry, Jpm 
• the mill volumetric discharge (product), k9 Qm = Pxm 
• the volume of slurry within the mill, Sxm 
• the discharge rate for water an_d sub Xm size solids (maximum discharge rate 
constant), dxm = do 
2. apply steady state mass balance and solve for mill rock charge, Si 
3. recalculate Sxm and compare to initial estimate 
4. if agreement is within tolerance, stop 
5. else, adjust ~ and goto Step 2. 
Consumption and Generation 
Both the generation and consumption components have a dependence on the breakage rate 
function, ri, and the appearance function, aij· 
Chapter 3. Steady State Model Development and Validation 78 
Breakage Rate Function, ri : The "variable rates model" (JKTech, 1994) and (Morrell 
and Morrison, 1996) is a set of five pairs of "knot" sizes and base breakage rates . The knot 
sizes are selected to encompass the size distribution and capture important features of the 
breakage rate curve, e.g., the slower breaking rates of the critically sized material (which 
is discharged from the mill via pebble ports and recycled to the oversize crusher). The 
breakage rate for each particle size is determined by interpolation. The base breakage rates 
are as follows (JKTech, 1994) and (Morrell and Morrison, 1996): 
ln (R1) = 
ln(R2) -
ln(R3) 
-
ln(R4) -
ln(R5) -
where 
Rl ... R5 -
kij -
JB -
Sa -
-
sb -
= 
DB -
= 
R,. = 
(kn + k12ln(R2) - k13ln(R3) + JB (k14 - k1sFso) - DB ) 
sb 
k21 + k22ln(R3) - k23ln(R4) - k24Fso 
S (k31 + k32ln(R4) - k33l4) 
a+ sb 
Sb ((k41 + k42ln(RS) + JB (k43 - k44Fso) 
Sa + Sb (ks1 + ks2Fso + JB (ks3 - ks4Faoln(R4)) - 3DB) 
base breakage rates (hr-1) 
regression coefficients 
mill volume occupied by grinding balls and associated voids (%) 
RPM 
ln( 23.6 ) 
mill RPM scaling factor 
Njcs 
ln( 0.75) 
mill fraction critical speed scaling factor · 
l ( Doo.u ) 
n 90 
ball topsize scaling factor 
tph recycled material - 20 + 4 mm 
(tph fresh feed+ tph recycled material -20 + 4 mm) 
recycle ratio of -20 + 4 mm material 
(3.22) 
(3.23) 
(3 .24) 
(3.25) 
(3.26) 
(3.27) 
(3.28) 
(3.29) 
(3.30) 
Regression coefficients, kij, are given in Table 3.1 and are based on data collected by the 
Julius Kruttschnitt Mineral Research Centre. From inspection of Equations (3.22) through 
(3.30) it is evident that the breakage rates are a function of: 
• equipment parameters (mill speed and ball size) 
• parameters (regression coefficients) 
• operating conditions (feed size, recycle ratio and ball charge level, Jb) 
Detail of the effects of ball load, feed size, recycle load, mill speed and ball size on the 
breakage rates can be found elsewhere (Morrell and Morrison, 1996) . 
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Table 3.1: Breakage Rate Regression Coefficients, kij 
j klj k2j k3j k4j k5j 
1 2.504 4.682 3.141 1.057 1.894 
2 0.397 0.468 0.402 0.333 0.014 
3 0.597 0.327 4.632 0.171 0.473 
4 0.192 0.0085 - 0.0014 0.002 
5 0.002 - - - -
Appearance Function, aij : The appearance function, aij, is a matrix of column vectors 
that describe: 
1. the amount of material in a give size that is "selected" for breakage, and, 
2. the distribution that remains after breakage has occurred 
Each particle size has its own vector and thus, the appearance function matrix is a square 
matrix of dimension (no. of sizes x no. of sizes). Since there is no particle growth, the 
appearance function matrix is a lower-triangular matrix. 
Each appearance function vector is a weighted average of high-energy (impact) breakage 
and low-energy (abrasion) breakage appearance functions: 
tzeale + theahe 
a··= 
lJ tze + the 
where 
a he 
aze 
the 
tze 
= 
= 
high energy appearance function, (fraction) 
low energy appearance function (fraction) 
high energy (impact) t parameter (%) 
low energy (abrasion) t parameter (%) 
(3.31) 
The t parameters are size distribution data identifiers, i.e., a look-up table reference point 
for data in a Julius Kruttschnitt Mineral Research Centrereference database. The high 
energy t parameter is also known as the "t10" or "t10" parameter and the low energy t 
parameter is also known as the "ta" or "ta" parameter. That is, 
t10 = the 
ta = tte (3 .32) 
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Breakage due to abrasion is assumed to be independent of size. For a given ore type a 
ta value is determined from laboratory abrasion tests. Theta is the cummulative percent 
(by weight) of material passing loth of the original particle size after low energy breakage 
has occurred. For example, a 30mm particle with a ta = 1% is subjected to a low energy 
breakage event after which 1% of the material is < 3 rom in size. That is, mostly large 
particles remain, as expected for abrasion breakage. A complete distribution is obtained 
from a single ta value from Table 3.3.1. 
Table 3.2: Low Energy Appearance Function 
Particle Size Cummulative % Passing 
( t value) ( ta scaling factor) 
tl.25 2.687·ta 
tl.5 1.631·ta 
t10 (ta) l.O·ta 
t10o 0.9372·ta 
t250 0.8070·ta 
t5oo 0.6365·ta 
p A-74 Appendix A9 (JKTech, 1994) 
The cummulative percent passing distribution of the particle sizes of interest are deter-
mined by interpolation. Conversion to a weight fraction retained format results in the low 
energy appearance function. 
Breakage due to impact is dependent on ore type and on the particle size (by way of the 
breakage energy that is exerted on particles of that size). Therefore, each size fraction has 
a unique t10 value. 
A t10 value is the cummulative percent (by weight) of material passing 1~th of the original 
particle size after high energy breakage has occurred. A complete distibution is obtained 
from a single t10 value from a database of t10 versus [t75, t5o, t25, t4 , t2] data. Again, the 
cummulative percent passing distribution of the particle sizes on interest are determined 
by interpolation. 
The ore dependancy is determined from laboratory test work and is reported as two impact 
breakage parameters, A and b. The breakage energy dependancy is through a specific 
comminution energy, Ecs, parameter. The t10 values for each size fraction is determined 
Chapter 3. Steady State Model Development and Validation 
using these three parameters (A, b, Ecs) as follows: 
t10, = A (1 _ e-bEcs;) 
where 
A 
b 
Ecsi 
= 
= 
= 
ore impact breakage parameter (-) 
ore impact breakage parameter (-)) 
specific comminution energy for size i (kWhr/t) 
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{3.33) 
The specific ~omminution energy, Ecsi, is a vector of the amount of energy available for 
impact breakage of the i th particle size and is determined as follows (Valery Jnr., 1998): 
Ecsi 1/Je gmsi Pmi g h 
- 3 SG8 Xi 3.6 X 10 
(3.34) 
where 
1/Je = energy absorption factor of the steel grinding media {frac-
tion) 
gmsi = grinding media size class i {mm) 
Pm, = density of grinding media in size i (t/m3 ) 
g = gravitational acceleration (m/s2) 
h = mean drop height (m) 
SGs = ore specific gravity (t/ m3) 
Xi = target particle size i (mm) 
3.6 x 103 = k";hr conversion factor 
The mean drop height1 h, is determined from charge geometry information as follows: 
_ (rsm + ri) ( sin(Os) - sin(OT)) h - - (3.35) 
where 
Tsm SAG mill radius (m) 
Ti = SAG mill charge inner radius (m) 
Os = SAG charge shoulder angle (radians) (see Section 3.3.1) 
OT = SAG charge toe angle (radians) (see Section 3.3.1) 
The target particle size, Xi, is the geometric mean of the size distribution intervals, i.e., 
Xi = 
{ sizei - 1 + sizei ) 
2 
(3.36) 
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The density of grinding media in size i, pl'ni, is calculated as follows (Valery Jnr., 1998): 
(~VOi + I:~:i VOi)SGs + (I:~= l vbi)SGb 
Pmt = 1 "i- 1 " n b ~v~ + ~i=1 v~ + ~i= 1Vi 
where 
z = J2 size class 
i = 1 : largest size 
i = n : smallest ball size 
i = q : smallest rock size (16 mm) 
i = z : smallest particle size 
voi = the volume of ore in size class i (m3 ) 
vbi = the volume of grinding balls in size class i (m3 ) 
8Gb = grinding ball density (tf m3 ) 
(3.37) 
Grinding balls and ore larger than fifty 50 mm constitutes grinding media. Fifty percent of 
rock in size i is larger than the remaining fifty percent and can theoretically cause breakage 
within the size fraction. All rocks greater in size than size i and all of the grinding balls 
can cause breakage. Therefore, the grinding media size that is effective on size i, gmsi , is 
calculated as follows (Valery Jnr., 1998): 
Xi ~ 50mm c 2 E' -• 2 Ez b , ) •·' 
gmsi = 2 ni xi + j =:" 1 nj xi + j = 1 n j xj (3.38) 1 I:t - 1 I:z b 2 ni + j = 1 nj + j = 1 n j 
Xi < 50mm 
gmsi = gmsi -1 
where 
SMR Ci (3.39) ni = Mi 
= number of particles in size i 
SMRCi = SAG mill rock charge mass in size i ( t) 
Mi = ~ ( size ) 3 SG 6 1 X 103 8 (3.40) 
= mass of an ore particle in size i ( t) 
nbi SMBCi (3.41) = Mbi 
= number of grinding balls in size i 
SMBCi = SAG mill ball charge mass in size i ( t) 
Mbi = ~ ( size ) 3 SG 6 1 X 1Q3 b (3.42) 
= mass of grinding ball in size i ( t) 
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The energy absorption factor of the steel grinding media, 7/Je, which reduces the energy 
imparted to rock breakage due to the elastisticity of the grinding balls, is determined as 
follows (Valery Jnr., 1998): 
·'· - CEt=l vbi)SGb + o=~=l voi) SGs 
'f/e - 'C""'q ( L...i = 1 voi) S G 8 
(3.43) 
In summary, the determination of the appearance function, aij, involves the following steps: 
1. Laboratory determination of A , b and ta 
2. Calculation of the abrasion appearance function by interpolat ion of the P.article size 
distribution into the data in Table 3.3.1 
3. Calculation of the impact appearance function by calculating: 
(a) the specific comminution energy, Ecsi, from Equation (3.34) through Equation (3.43) 
(b) the tro values for each size fraction from Equation (3.33) 
(c) the impact appearance function for each size fraction by interpolation against Julius 
Kruttschnitt Mineral Research Centre data 
(d) the appearance function in fraction retained format 
4. Calculation of the (combined) appearance function, ~j, - a weighted average of the 
high and low energy appearance functions - from Equation (3.31) 
With the appearance function, ai;, and the breakage rates, ri, determined, the generation 
and consumption terms of the solids mass balance, Equation (3.1), may be calculated. 
Consumption, ( 1 - aii )riSi : Recalling that the appearance function, aij is in a 
mass fraction retained format, the diagonal of the appearance function, aii, indicates (by 
difference) how much of the material in a given size is broken and distributed into the size 
fractions below (according to the appearance function for that given parent size). 
Generation, :E;~i r;s;aij : Summation of the product of the rock charge mass in the 
size fractions above size i, s;, and their respective breakage rates, r j, and the fraction 
appearing into size i from the breakage occurring above, aij, results in the generation 
term for size i. 
The feed, product, consumption and generation terms are now determined and the mass 
balance, Equation (3.1) , is now defined. 
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Water Balance 
As is evident from the discussion about mill product, Pi, earlier in this Section, the solids 
and water balance are interlinked via the volumetric discharge flowrate ( Qm) and the 
maximum discharge rate constant (do). With zero consumption and generation, the water 
mass balance is as follows: 
Accumulation - In- Out 
dsw fw- Pw dt - (3.44) 
where 
Sw - water in the mill charge ( t) 
f w - feed water addition (t/hr) 
Pw - water discharge rate (t/hr) 
- do Sw (3.45) 
The water balance calculation sequence is as follows: 
1. the feedwater addition rate is specified 
2. the water discharge rate is calculated from Equation (3.45), and, 
3. the mill water charge is calculated from Equation (3.44) . 
Ball Charge Model 
The ball charge model is essentially a user specified ball charge volume and size distribution. 
There are no "In", "Out", "Generation", "Consumption", or, "Accumulation" terms. The user 
specifies the: 
fi ball charge volumetric load, Jb 
• ball topsize 
• ball size distribution (four size fractions) 
see Table 3.3 for example. 
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Table 3.3: SAG Mill Ball Charge Model 
Ball Load Fraction, Jb (fraction) 0.14 
Ball Top Size (mm) 125 
Size 1: Top Size x 72 (%) 50 
Size 2: Top Sizex! (%) 35 
Size 3: Top Sizex 
2
;/2 (%) 15 
Size 4 : Top Size x ! (%) 0 
Powerdraw Model 
According to the Morrel powerdraw model (Morrell, 1994), the mill powerdraw, Paross, is 
as follows: 
Paross = PNoLoad + kPcharge 
where 
PNoLoad = no-load power of mill (empty mill powerdraw) (kW) 
Pcharge 
k 
mill powerdraw attributable to the entire contents of the mill 
(kW) 
mill powerdraw lumped parameter (accounts for heat losses 
due to internal friction, energy of attrition/abrasion break-
age, rotation of the grinding media and inaccuracies in as-
sumptions and charge shape and motion measurements ( di-
mensionless) 
The no-load component of the mill powerdraw, PNoLoad is, 
( 2 5 ( ))0.82 PNoLoad = 1.68 Dm · <Ptcs 0.667 Leone + Lm 
where 
Dm - mill inside diameter (m) 
r/Jtcs - mill fraction critical speed (fraction) 
Leone length of the conical section of the mill (m) 
(3.46) 
(3.47) 
The powerdraw component attributable to mill charge contents, P c harge, consists of com-
ponents of powerdraw attributable to material in the conical feed end section of the mill 
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and the material in the cylindrical section of the mill, as shown in Equation (3.48). 
Pcharge = PNet + Pcone 
where 
PNet = mill powerdraw attributable to the contents of the cylindrical 
section of the mill (kW) 
P cone = mill powerdraw attributable to the contents of the conical 
(feed) section of the mill (kW) 
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(3.48) 
The powerdraw attributable to the cylindrical and conical sections of the mill are deter-
mined by Equation (3.49) and Equation (3.50), respectively. 
PNet = 
rrgLmNm rm (2rm3 - 3zrm2ri + ri3 (3z - 2)) (Pc (sin(l':1s)- sin(Or))) 
3rm- 3 ZTi 
1r gLmNm Tm {2 rm3 - 3 zrm2ri + ri3 (3 z- 2)) (Pp (sin(Or) - sin( Oro))) 
+----------~--------------~--~~~--~~--~~~ 
3rm-3Zri 
LmPc Nm 3rm 3rr3 ( (rm- Zri)4 - ri4 (z- 1)4 ) 
+ ~ (3.49) (rm- Zri) 
7r gLcone Nm (rm 4 - 4rm ri3 + 3 ri4) (Pc (sin(Bs)- sin( Or))) 
Pcone 
- 3 (rm- rt) 
where 
g 
Leone 
Lm 
Nm 
Pcone 
rr gLcone Nm (rm 4 - 4rm ri3 + 3 ri4) (Pp (sin( Or) - sin(Bro))) 
+--------~--------~----~~----~------~ 3 (rm- rt) 
2 7r3 Nm Leone Pc (rm 5 - 5 Tm ri4 + 4 Tis) 
+2----------~----~--------~ 5 (rm- rt) 
gravitational acceleration (9.81 mf s2) 
= length (axial) of conical section of mill (m) 
= 
length of the cylindrical section of the mill (m) 
actual mill speed (revolutions per second) 
mill powerdraw attributable to the contents of the conical 
(feed) section of the mill (kW) 
(3.50) 
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Ti = mill charge surface inner radius (m) 
Tm = mill radius (m) 
Tt = mill trunnion radius (m) 
z = mill powerdraw calculation parameter (-) 
Pc = mill charge density (specific gravity) (t/m3) 
Pp = mill pulp density (specific gravity) (tjm3 ) 
es = mill charge shoulder angle (radians), see Figure 3.4 
OT - mill charge toe angle (radians) , see Figure 3.4 
eTa = mill slurry toe angle (radians), see Figure 3.4 
The mill pulp density, pp, is assumed to be equal to the mill discharge pulp density: 
Pp = SMDCscv (3.51) 
where 
Pv = SAG mill pulp density (tj m3) 
SMDCsop = SAG mill discharge pulp density (t/ m3 ) 
Mill cone length is determined as follows: 
(Dm - Dt) 1r 
Leone = ~ tan( 180 Ocone) (3.52) 
where 
Leone = length (axial) of conical section of mill (m) 
Dm = mill inside diameter (m) 
Ocone = mill cone angle (0 ) 
Figure 3.4 shows a simplified mill charge geometry (is cross-section). The 'C' or kidney 
shape describes the surface of the ''active" part of the charge where particle breakage occurs. 
Figure 3.4 also shows the charge shoulder angle (es), charge toe angle ((h), and the charge 
inner surface radius (ri) which define the charge geometry. 
The angle of the mill charge shoulder, 0 s, is given by: 
7r 11" Os = 2- (eT- 2) ((0.3386 + 0.1041 if>tcs) + (1.54 - 2.5673 ¢>Jcs) Jt) (3.53) 
The angle of the mill charge toe, eT is given by: 
eT = 2.5307 (1.2796- Jt) ( 1 - e- 19.42 (<Pc-</>fco)) + ~ (3.54) 
Since the SAG mill is a grate discharge mill, the angle of the mill charge slurry toe, OTo is 
equal to the charge to angle: 
eTa= OT (3.55) 
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90. Shoulder Angle 
Mill 
160°-- o• 
270° 
Figure 3.4: Simplified mill charge geometry 
The powerdraw calculation parameter, z, is given by: 
z = (1 - lt)0.4532 (3.56) 
Mill critical speed, RP Mcritical, (the rotational speed where angular acceleration is equal 
to gravitational acceleration) is as follows: 
60 [2g 
RP Mcritical = 271' V Dm 
The actual mill speed, represented as a fraction of the critical speed, if>Jcs: 
RPM 
r/>jcs = RPMcritical 
where 
RPM actual mill speed (revolutions per minute) 
The actual mill speed in revolutions per second, Nm is: 
Nm= RPM 
60 
(3.57) 
(3.58) 
(3.59) 
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The mean rotational rate, N, is given by: 
- Nm N=-
2 
The mill charge density, Pc, is determined as follows: 
Pc = 
(JtPo (1- c+ eUfoo) + Jb (Pb- Po) (1- e)+ Jtt:U (1- T&i)) 
where 
Jb 
s 
€ 
Pb 
Jt 
mill fraction occupied by grinding balls including the associ-
ated voidage (fraction mill volume) 
= mill discharge volumetric solids content (% solids v jv) 
mill charge porosity (fraction) 
= grinding ball density (specific gravity) (t/m3 ) 
Pc = mill charge density (specific gravity) (t/ m3) 
p0 = ore density (specific gravity) (tjm3 ) 
The fraction of grinding media voidage occupied by the slurry, U, is: 
U= Jpm 
EJt 
The remaining variables yet to be defined are: ¢c, tc, tf, {3, rand ri . 
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(3 .60) 
(3.61) 
(3.62) 
The experimentally determined fraction of critical mill at which centrifuging is fully estab-
lished, ¢c, is calculated as follows: 
cPc = 0.35 (3.364 - 0.35 Jt) (3.63) 
The mean travel time for material in the charge (from the charge toe to the charge shoul-
der), t c, is: 
21r- fh + Bs 
tc = 27r N (3.64) 
The mean travel time for material in free fall (from the charge shoulder to the charge toe), 
t1 , is: 
(
2r (sin(Bs) - sin(BT )) ) 0·5 
tf = g 
(3.65) 
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The fraction of charge that is active, /3, is determined as follows: 
tc 
f3 = t1 + tc 
(3.66) 
The mean radial position of the mill charge, r, is calculated as follows: 
_ T m 
1 1 
7r t 
r-- + ------( ( 
2 J. 
)
0.5) 
- 2 2 1r -Or+ Os (3.67) 
The radial position of the mill charge inner surface, ri, can then be determined: 
27f f3 Jt 
ri = Tm ( 1 - 2 1r- Or+ 8s )
0.5 
(3.68) 
All parameters and variables in the model are now specified and mill powerdraw may now 
be calculated by Equation (3.46). 
Impact Zone Model 
Although the mill considered in this research is a fixed speed mill, variable speed mills are 
b ecoming increasingly popular. The mill speed affects the 
1. breakage rates, ri (see Equations (3.22) to (3.26)) 
2. volumetric discharge, Qm (see Equation (3.6)) 
3. mill powerdraw, PGross (see Equations (3.49) & (3.50)) 
4. charge shape as defined by the 
• toe angle, 8r (see Equation (3.54)) 
• shoulder angle, 8s (see Equation (3.53)) 
• active charge radius, Ti (see Equation (3.68)) 
An important implication of the charge shape is the location of the impact zone. For a 
fixed speed mill, the impact zone is designed to be on the toe of the charge. When the mill 
is powered by a variable speed drive, the impact zone can move between a point within 
the charge to a point beyond the toe of the charge. In the latter case, damage to the mill 
liners and lifter bars is caused by the direct impact of grinding balls. 
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Since such condit ions are undesirable, a model for locating the impact zone has been 
included in the SAG mill model. Although a ball trajectory model is not part of the 
DOS based JKSimMet simulation software (Version 4), a trajectory model has since been 
incorporated into the succeeding Microsoft Windows based version (Schroder, 2000). The 
exact details of the model were not available at the time of coding the MATLAB-Simulink 
models, however, it is believed to be based on the equations for projectile motion. Thus, 
a simple model for the point of impact is proposed here that utilises projectile motion 
equations. 
Projectile Motion Equations 
The equations governing the motion of projectiles are those of constant acceleration (Alonso 
and Finn, 1969): 
VI = VQ +at 
1 
s1 = so + vot + - at2 2 
where 
a - acceleration (m/ s2) 
v = velocity (m/s) 
8 - distance (m) 
t = time (sec) 
0 - initial conditions 
1 = conditions at time t 
(3.69) 
(3.70) 
The motion is analysed in the horizontal plane (where acceleration is zero, i.e. , ah = 0), 
denoted with a subscript 'h', and the vertical plane (where acceleration is due to gravity, 
i.e., a = -g = - 9.81 m/ s2), denoted with a subscript 'v'. The analysis is divided into 
the upward the downward motion. The initial conditions of the motion in this instance 
are those of the charge shoulder and are denoted with a subscript zero, e.g., voh for initial 
horizontal velocity. The end of the upward journey and beginning of the downward journey 
is denoted with a subscript one, e.g., VI h for horizontal velocity at maximum projectile 
height. The final conditions of the downward journey, at the point of impact, are denoted 
with a subscript two, e.g., v2h for horizontal velocity at the point of impact with the mill 
shell. 
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Using the central axis of the mill as the reference point and the horizontal axis positive 
sense pointing to the side of the mill ofthe charge shoulder, the equations of motion are 
UP 
Horizontal 
RPM 
vo,h - -602rm1f cos(Bs) 
v1,h = vo,h 
so,h = rm cos(Bs) 
St ,h = 
1 2 
so •. h + vo, htl + 2aht1 = so, h + vo, ht1 ( ah = 0) 
Vertical 
RPM 
Vo,v - 602rm1fsin(Os) 
Vl,v - 0 = vo,v + avt l = Vov - gt1 
so,v = rm sin(Os) 
1 2 
s1,v - so,v + vo,vt1 - 2gt1 
Solving Equation (3. 76) for the upward journey time, t 1 , 
vov RPM . ( ) 
t1 = g = 609 2rm1fSin Os 
allows the solution of the upward journey system, Equation (3.71) to (3.78). 
DOWN 
Horizontal 
RPM 
V!,h = - ---w-2Tm1fCOS(0s) 
v2,h = vl,h 
s1,h = so,h + vo,htl 
s2, h = s1, h + v1, ht2 = so, h + vo, h ( t1 + t2) 
Vertical 
V!,v 
V2,v 
S!,v 
S2,v 
= 0 
= Vl,v + avt2 
1 2 
- so,v + vo,vtl - 2gt1 
1 2 1 2 
- Bl ,v + V1,vt2 - 2gt2 = Bl,v - 2,gt2 
1 2 2 
= so,v +vo,vt1-2g(t1+t2) 
(3.71) 
(3.72) 
(3.73) 
(3.74) 
(3.75) 
(3.76) 
(3.77) 
(3.78) 
(3.79) 
(3.80) 
(3.81) 
(3.82) 
(3.83) 
(3.84) 
(3.85) 
(3.86) 
(3.87) 
(3.88) 
Chapter 3. Steady State Model Development and Validation 93 
The point of impact (or apparent impact) is at the mill shell, i.e., 
7'2 - s2 + s2 m - 2,h 2,v (3.89) 
Inspection of Equations (3.83) and (3.88), reveal that Equation (3.89) is a function of 
one unknown - t2 - which may therefore be determined. This allows the solution of the 
downward journey system, Equation (3.80) to (3.88), and the determination of the impact 
angle: 
(
82 1J) fh = arctan -'-
s2,h 
(3.90) 
where 
01 = angle of ball impact at the mill radius (radians) 
When the impact angle is outside the toe angle ( () 1 < Or), impact with the mill shell 
occurs. 
When the impact angle is within or equal to the toe angle (Br ~ Br), impact is at the 
charge toe or within the boundaries of the charge. 
SAG mill model validation 
Table 3.4 contains results of the validation of the SAG mill model (in isolation) by way of 
the stream properties of the rock load and the mill discharge streams. The reference case 
is the JKSimMet simulation results from the model constructed from the grinding circuit 
survey (David, 1997), see Appendix B. The feed stream and the columns headed with 
"JK" is the reference data. The columns headed "model" and "error" are the results from 
this work and the absolute, relative error between this work and the reference data. 
The mill discharge stream shows good agreement with no results further than 3% from the 
reference case. Although excellent, the agreement in the rock charge results is somewhat 
misleading. The JKSimMet SAG mill model is intrinsically steady state in nature. The 
steady state form of Equation (3.1) is solved simultaneously with Equation (3.3) to give 
a rock load and discharge that satisfies the mass balance. The calculated rock charge is 
specified as the initial conditions for the rock charge. Since steady state conditions are 
being simulated, the rock load does not change and thus, agreement is ''perfect". 
Another SAG mill result of importance is the mill powerdraw. The validation results are 
in the lower part of Table 3.4 and illustrate good agreement once again. 
At this point the SAG mill model was judged valid. 
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Table 3.4: SAG Mill model validation 
Stream Total Rock Load Mill Discharge 
Properties Feed JK model error(%) JK model error(%) 
tph_s 252.1 45.7 45.7 0.0 252.1 252.1 0.01 
tph_l 80.0 2.1 2.1 0.0 80.0 80.0 0.07 
t ph_p 332.1 47.7 47.7 0.0 332.1 332.1 0.01 
%s wjw 75.9 95.7 95.7 0.0 75.9 75.9 0.02 
%lw/w 24.1 4.3 4.3 0.0 24.1 24.1 0.06 
m3ph_ s 95.1 17.2 17.2 0.0 95.1 95.1 0.01 
m3ph_l 80.0 2.1 2.1 0.0 80.0 80.0 0.07 
m3ph_p 175.2 19.3 19.3 0.0 175.2 175.1 0.03 
%s v/v 54.3 89.3 89.3 0.0 54.3 54.3 0.03 
%1 v/ v 45.7 10.7 10.7 0.0 45.7 45.7 0.04 
SGp 2.25 2.58 2.58 0.0 2.25 2.25 0.01 
Pso 84.0 87.3 87.3 0.0 16.7 16.4 2.0 
I Powe•d•aw (kW) 2863 2866 0.1 
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3.3.2 Hydrocyclones 
The Nageswararao model, which is detailed in Napier-Munn et al. (1996), is used to model 
the primary (and secondary) cyclones. The model is comprised of several equations that are 
functions of cyclone geometry, feed flowrate and solids density, and, feed ore characteristics. 
Cyclone pressure, P, is calculated from the following flowrate equation, 
- 2 (p)o.s (Do)0.68 (Di)o.4s -0.1 (Le)o.2 Qt-KQlDe - - - e -
Pp De De De 
(3.91) 
where 
KQl = K D-o.l QO e (3.92) 
KQo = ore dependent proportionality constant 
Di - inlet diameter (m) 
Do - overflow diameter (m) 
Du. - underflow diameter (m) 
De = cyclone cylinder diameter (m) 
L e - cyclone cylinder length (m) 
e - cone full angle (0 ) 
p = cyclone inlet pressure (kPa) 
Pp - feed pulp (slurry) density (tjm3) 
Q, - cyclone feed flowrate (m3 / hr) 
Cyclone corrected 50% passing size, dsoe, is predicted from: 
SOc = KDl ___..£ ~ ..\0.93 __ _t __!:. 00.15 d (D )0.52 (D )-0.47 ( p )-o.22 (D·)-o.5 (L )o.2 
De D e De Pp9De De D e 
(3.93) 
where 
KDl = K D-0.65 DO e (3.94) 
Kvo - ore dependent proportionality constant 
ds0c = corrected 50% passing size (mm) 
9 = gravitational acceleration (9.81 mjs2) 
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The water recovery to cyclone underflow, R f, is 
RJ = (
D )-1.19 (D )2.40 ( p )-o.53 (D·)-0.50 (L )0.22 Kwl --.-£ ~ -- ;_0.27 -' e - 0.24 ~ (3.95) 
De De Pp9Dc De De 
where 
Kw1 
). 
Gv 
-
-
-
= 
water split to underflow constant 
101.82C, 
(8.05 (1 - GvJ2) 
hindered settling correction term 
volumetric fraction of solids in feed slurry (fraction) 
The volumetric recovery of feed slurry to cyclone underflow, Rv, is 
p _ K o " , o-o.24 c (D) -0.94 (D ) 1.83 ( p ) -0.31 (D·) - 0.25 ( L )0.22 ~~ - Vl -- -- ---- -- -De De ppgDc De De 
where 
K V1 = constant to be estimated from data 
(3.96) 
(3.97) 
The size classification function is described by the efficiency to overflow, E 0 a, equation: 
Eoa = 
G ((1 + f3f3•x)(e0 - 1)) 
eaf3•x + ea - 2 (3.98) 
where 
G = 1 - Rt (3.99) 
-
water recovery to cyclone overflow (fraction) 
d 
X -
d5oc 
(3.100) 
-
ratio of particle size to corrected 50% passing size 
d - particle size (mm) 
a 
-
efficiency curve parameter: separation sharpness 
{3 
-
efficiency curve parameter: fine size efficiency boost 
{3. 
- efficiency curve parameter: dsoc preservation 
The cyclone model calculation sequence is as follows: 
1. Given the 
• cyclone dimensions 
• model parameters (a, {3, {3* , Kno, KQo, Kv1 and Kw1) as determined from 
plant surveys 
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• feed flowrate and size distribution 
2. Calculate cyclone operating pressure from Equation (3.91) 
3. Calculate corrected 50% passing size from Equation (3.93) 
4. Calculate water recovery to underflow from Equation (3.95) 
5. Calculate the separation efficiency to overflow from Equation (3.98) 
6. Conduct a mass balance around the cyclone to determine the overflow and underflow 
streams and size distributions 
Cyclone model validation 
Table 3.5 contains results of the validation of the primary cyclone model (in isolation) by 
way of the stream properties of the overflow and underflow streams. The reference case 
is the JKSimMet simulation results from the model constructed from the grinding circuit 
survey (David, 1997), see Appendix B. The feed stream and the columns headed with 
"JK" is the reference data. The columns headed "model" and "error" are the results from 
this work and the absolute, relative error between this work and the reference data. 
Generally, the model results show good agreement with the reference data, with errors 
of less than 0.2%. The Pso result for the overflow stream exhibits a 16% error which 
is distinctly worse than the other results. This error is attributed to the interpolation 
method used to arrive at the Pso result, i .e., linear interpolation of cumulative weight per-
cent passing versus particle size distribution. The Rosin-Rammler distribution function 
(Napier-Munn et al., 1996) suggests some variation of a log-linear interpolation may be 
more accurate. However, since the model size distributions were fixed by the points (0.001 
mm, O%passing) and (180.76 mm, 100%passing), a linear extrapolation (versus a smooth-
ing spline extrapolation), of the Pso point was utilised for consistency. Good agreement 
was generally obtained except for the finely-sized streams, such as the cyclone overflows. 
Another primary cyclone result of importance is the cyclone operating pressure. The 
validation results are in the lower part of Table 3.5 and illustrate good agreement once 
again. 
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Table 3.5: Primary cyclone model validation 
Stream 1° Cyclone 1° Cyclone 0 / F 1 o Cyclone U / F 
Properties Feed JK model error(%) JK model error(%) 
tph_ s 185.0 34.3 34.3 0.15 150.7 150.7 0.03 
tph_l 179.3 117.0 117.0 0.03 62.4 62.3 0.06 
tph_p 364.3 151.3 151.3 0.01 213.0 213.0 0.01 
%sw/ w 50.8 22.7 22.7 8.13 70.7 70.7 0.03 
%1 wfw 49.2 77.3 77.3 0.04 29.3 29.3 0.06 
m3ph_s 69.8 13.0 12.9 0.15 56.9 56.9 0.03 
m3ph_l 179.3 117.0 117.0 0.03 62.4 62.3 0.06 
m3ph_p 249.1 129.9 129.9 0.01 119.2 119.2 0.01 
%s v/v 28.0 10.0 10.0 0.16 47.7 47.7 0.05 
%1 vjv 72.0 90.0 90.0 0.02 52.3 52.3 0.04 
SGp 1.84 1.37 1.37 0.04 2.17 2.17 0.02 
Pso 2.64 0.06 0.07 15.8 3.24 3.24 0.09 
Pressure (kPa) 57.3 57.2 0.17 
Table 3.6: Secondary cyclone model validation 
Stream 2° Cyclone 2° Cyclone 0 / F 2° Cyclone U / F 
Properties Feed JK model error (%) JK model error (%) 
tph_ s 1099 181.5 181.5 0.0 918 918 0.0 
tph_l 564 305 305 0.0 259 259 0.0 
tph_p 1663 486 486 0.0 1177 1177 0.0 
%swfw 66.1 37.3 37.3 0.01 78.0 78.0 0.01 
%1 wjw 33.9 62.7 62.7 0.01 22.0 22.0 0.02 
m3ph_ s 415 68.5 68.5 0.01 346 346 0.0 
m3ph_l 564 305 305 0.01 259 259 0.02 
m3ph_ p 979 373 373 0.0 605 605 0.01 
%s vfv 42.4 18.3 18.3 0.02 57.2 57.2 0.01 
%1 vfv 57.6 81.7 81.7 0.0 42.8 42.8 0.01 
SGp 2.09 1.62 1.62 0.0 2.29 2.29 0.0 
Pso 0.42 0.09 0.08 6.9 0.50 0.50 0 
Pressure (kPa) 150.2 150.2 0.02 
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Table 3.6 contains results of the validation of the secondary cyclone model (in isolation) 
by way of the stream properties of the overflow and underflow streams. The reference case 
is the JKSimMet simulation results from the model constructed from the grinding circuit 
survey (David, 1997), see Appendix B. The feed stream and the columns headed with 
"JK, is the reference data. The columns headed "model, and "error, are the results from 
this work and the absolute, relative error between this work and the reference data. 
Generally, the model results show good agreement with the reference data, with errors of 
less than 0.02%. As for the primary cyclone overflow, the Pso result for the secondary 
cyclone overflow stream exhibits a larger error (~ 7%) which is attributed to linear inter-
polation errors at the fine sizes. 
The secondary cyclone operating pressure, in the lower part of Table 3.6, shows good 
agreement also. 
At this point the cyclone model was considered valid. 
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3.3.3 Oversize Crusher 
The model for the oversize crusher is comprised of: 
• a particle classification/selection for breakage function 
• a breakage distribution function 
• a power draw prediction function 
Again, it is based on the models developed at the Julius Kruttschnitt Mineral Research 
Centre, (Whiten, 1972), (Napier-Munn et al., 1996) and (JKTech, 1994). 
Crusher Classification Function 
The classification function is a selection for breakage function (the Whiten classification 
model (Napier-Munn et al., 1996)) and provides the probability of breakage versus particle 
size as follows: 
for x < Kl C(x) = 0.0 
C(x) = 1.0 
C(x) = 1.0 
( 
K2 - X )K3 
K2 - K1 for Kl ~ x < Kl 
for x > K2 
where 
C(x) = probability of breakage (fraction) 
Kl = Ao·CSS + A1 ·TPH + A2 · Fso + A3 ·LLen + A4 
- particle size below which C(x) = 0 (mm) 
K2 = Bo · CSS- B1 · TPH + B2 · Fso + B3 · LHr + B4 · ET + B5 
= particle size above which C(x) = 1 (mm) 
K3 = C0usually 2.3 
- classification function parameter: curve shape 
(3.101) 
(3.102) 
(3 .103) 
(3.104) 
(3.105) 
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Ai - model parameters from plant survey 
Bi - model parameters from plant survey 
css - crusher close side setting (rom) 
TPH - crusher feedrate (tph) 
Fao - crusher feed s'o% passing size (rom) 
LLen 
-
crusher liner length ( mm) 
LHr - crusher liner hours in service (hrs) 
ET 
-
crusher eccentric throw (mm) 
The oversize crusher probability of breakage function (C(x)) is shown in Figure 3.5. 
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Figure 3.5: Crusher Probability of Breakage Function 
(p 141 Napier-Munn et al. (1996)) 
Breakage Distribution Function 
101 
Laboratory ore tests give a crusher breakage parameter, t10, which is a size distribution 
data identifier, i.e., a look-up table reference point for data in a Julius Kruttschnitt Min-
eral Research Centre reference database (as described in Section 3.3.1 for the SAG mill 
appearance function discussion). For the ore in question, the distribution after breakage 
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is obtained from the database and the fraction of material retained in the size fractions of 
interest are determined by interpolation. The oversize crusher product is then determined 
as follows: 
p = (1 - C) · (1 - BC)-1 · f (3.106) 
where 
p = crusher product by size (tph) 
f - crusher feed by size ( tph) 
B 
-
crusher breakage distribution function (fraction) 
C = = C(x) = crusher probability of breakage function (fraction) 
Equation (3.106) is the crusher mass balance equation which is implicitly steady state, i.e., 
• no accumulation (feed tph =product tph) 
• any water in the feed reports to product 
Crusher Power draw P r ediction 
The oversize crusher power draw is determined as follows: 
1. for the ore specific crusher t10 parameter, the specific comminution energy, Ecs 
(kWh/t), versus size relationship is determined by interpolation against a Julius 
Kruttschnitt Mineral Research Centre database 
2. the Ecs for the size fractions of interest are determined by interpolation against the 
result from Step 1. 
3. the pendulum power, Pp, is determined by Equation (3.107) 
4. predicted crusher power draw, Pc, is then determined by Equation (3.108) 
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Pp = LEcsiCdi (3.107) 
Pc - APp + Pn (3.108) 
where 
Pp = pendulum power (kW) 
Pc - predicted crusher power draw (kW) 
Pn - crusher no-load power (kW) 
Ecsi = specific comminution energy by size (kWh/ t) 
ci = crusher probability of breakage function (fraction) 
h - crusher feedrate by size (tph) 
A = dimensionless scaling factor 
Oversize crusher model validation 
Table 3. 7 contains results of the validation of the oversize crusher model (in isolation) by 
way of the stream properties of the crusher product stream. The reference case is the 
JKSimMet simulation results from the model constructed from the grinding circuit survey 
(David, 1997), see Appendix B. The feed stream and the columns headed with "JK" is the 
reference data. The columns headed "model" and "error'' are the results from this work 
and the absolute, relative error between this work and the reference data. 
Generally, the model results show excellent agreement with the reference data. As for the 
cyclone overflow streams, the Pso result for the crusher product stream exhibits a larger 
error (12%) which is attributed to linear interpolation errors at the fine sizes. 
The crusher powerdraw, in the lower part of Table 3.7, shows good agreement also. 
At this point the oversize crusher model was judged valid. 
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Table 3.7: 0/S Crusher model validation 
Stream 0 / S Crusher 0 jS Crusher Product 
Properties Feed JK model error (%) 
tph_s 67.1 67.1 67.1 0 
tph_l 0.05 0.05 0.05 0 
tph_p 67.1 67.1 67.1 0 
%swjw 99.9 99.9 99.9 0 
%1 wjw 0.1 0.1 0.1 Oj 
m3ph_s 25.3 25.3 25.3 0 I 
m3ph_l 0.05 0.05 0.05 ol 
m3ph_p 25.4 25.4 25.4 Oj 
%s vjv 99.8 99.8 99.8 0 . 
%1 vjv 0.2 0.2 0.2 ol 
SGp 2.65 2.65 2.65 oj 
Pao 42.9 34.0 37.9 11.5 I 
Powerdraw (kW) 42.8 41.9 1.9 I 
J 
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3.3.4 Mill Discharge Screens 
The mill discharge screens are modelled as a simple efficiency curve, similar to the efficiency 
to overflow, E 00 , curve used for the primary cyclones, see Equation (3.98). The corrected 
50% passing size, d5oc, and water recovery to underflow, Rt, are calculated in the case 
of the cyclone modeL However, in the discharge screen model these two parameters are 
specified (as determined from surveyed screen performance). 
Screen model validation 
Table 3.8 contains results of the validation of the SAG mill discharge screen model (in 
isolation) by way of the stream properties of the oversize and undersize streams. The 
reference case is the JKSimMet simulation results from the model constructed from the 
grinding circuit survey (David, 1997), see Appendix B. The feed stream and the columns 
headed with "JK" is the reference data. The columns headed "model" and "error" are the 
results from this work and the absolute, relative error between this work and the reference 
data. 
Generally, the model results show good agreement with the reference data, with errors of 
less than 0.3%, including the P 8o results. The largest errors occur in the water balance 
( ~ 6%). This is due to the screen oversize being virtually dry. Small errors in the water 
content of the stream translate to larger relative errors. 
Table 3.9 contains results of the validation of the ball mill discharge screen model (in 
isolation) by way of the stream properties of the oversize and undersize streams. The 
reference case is the JKSimMet simulation results from the model constructed from the 
grinding circuit survey (David, 1997), see Appendix B. The feed stream and the columns 
headed with "JK" is the reference data. The columns headed "model" and "error" are the 
results from this work and the absolute, relative error between this work and the refex:ence 
data. 
Generally, the model results show good agreement with the reference data, with errors of 
less than 0.1%. The largest error, :::::: 2%, is in screen oversize P 8o estimate. 
At this point the screen model was considered valid. 
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Table 3.8: SAG mill discharge screen model validation 
Stream SAG mill Screen Oversize Screen Undersize 
Properties Screen feed JK model error(%) JK model error (%) 
tph_s 252.1 67.1 67.1 0.03 185.0 185.0 0.01 
tph_l 94.9 0.05 0.06 6.15 95.0 94.9 0.06 
tph_p 347.0 67.1 67.1 0.02 280.0 279.9 0.01 
%swjw 72.6 99.9 99.9 0.0 66.1 66.1 0.02 
%1 w/w 27.4 0.1 0.1 6.1 33.9 33.9 0.05 
m3ph_s 95.1 25.3 25.3 0.03 69.8 69.8 0.01 
m3ph_l 94.9 0.05 0.06 6.1 95.0 94.9 0.06 
m3ph_p 190.1 25.4 25.4 0.01 164.8 164.7 0.03 
%s vjv 50.0 99.8 99.8 0.01 42.4 42.4 0.04 
%1 v/v 50.0 0.2 0.2 6.1 57.6 57.6 0.03 
SGp 2.20 2.65 2.65 0.0 2.09 2.09 0.01 
Pso 16.7 42.9 42.9 0.05 2.64 2.65 0.20 
Table 3.9: Ball mill discharge screen model validation 
Stream Ball mill Screen Oversize Screen Undersize 
Properties Screen feed JK model error (%) JK model error (%) 
tph_s 1068 3.4 3.4 0.1 1065 1065 0.0 
tph_l 336 0.0 0.0 0.0 336 336 0.0 
tph_p 1405 3.4 3.4 0.1 1401 1401 0.0 
%s w/ w 76.1 99.3 99.3 0.0 76.0 76.0 0.0 
%1 w/w 23.9 0.7 0.7 0.09 24.0 24.0 0.01 
m3ph_s 403 1.3 1.3 0.06 402 402 0.0 
m3ph_l 336 0.02 0.02 0.0 336 336 0.01 
m3ph_p 739 1.3 1.3 0.07 738 738 0.01 
%s v/v 54.5 98.2 98.2 0.0 54.5 54.5 0.0 
%1 v/ v 45.5 1.8 1.8 0.08 45.5 45.5 0.0 
SGp 2.26 2.64 2.64 0.0 2.25 2.25 0.0 
Pso 0.44 11.6 11.3 2.3 0.43 0.43 0.05 
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3.3.5 Ball M ill 
The ball mill model is similar to the SAG mill model, described in Section 3.3.1, and 
consists of: 
• solids balance 
• water balance 
• ball charge model 
• power draw model 
Mass Balances 
Water : The steady state water balance for the ball mill is simply 
Water In = Water Out (3.109) 
Solids : The steady state solids mass balance for the ball mill (Valery Jnr and Morrell, 
1995) and (Napier-Munn et al., 1996) is: 
0 = In - Out + Generation - Consumption 
i-1 
0 = !i - Pi + L rjSjaij - (1 - aii)risi 
j=l 
where 
Si 
fi 
Pi 
Ti 
= 
= 
= 
= 
mill rock charge particles in sizei ( t) 
feedrate of particles in size i ( t) 
mill discharge (product) of particles in size i ( t) 
breakage rate of particles in size i (hr-1) 
aii appearance function of particles appearing in size i (a func-
tion of the breakage distribution of particles in sizes ~ size i) 
(fraction) 
The feed component in Equation (3.110) is obtained by the summation of the: 
• primary cyclone underflow to the ball milll, 
• secondary cyclone underflow to the ball mill, and, 
• the flash flotation tails stream. 
(3.110) 
The ball mill product, generation and consumption components are dealt with differently 
to the SAG mill. These terms will now be discussed further. 
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Product 
The ball mill product, Pi, (the ball mill discharge stream, BMDC) is calculated as follows: 
Pi = diSi (3.111) 
where 
~ - d~ ( 4Q ) = d'!.!. (3.112) t D2 L 1 T m m 
= mill discharge rate of size i particles (hr-1 ) 
d'! 
t = mill discharge rate of size i particles normalised to mill residence time (-) 
D~Lm 
= r = mill residence time (hr) (3.113) 4Q 
1 
mill space velocity (hr-1 ) (3.114) - -
T 
Dm - mill inside diameter (m) 
Lm = mill length ( m) 
Rearranging Equation (3.111) for Si and substituting into Equation (3.110) yields Equa-
tion (3.115) which can be solved for mill product, Pi, once the appearance function, aij , 
and the rate/discharge function, £F, have been specified. 
' 
i-1 
r· r· 
0 = fi - Pi + T L d~pjaij - (1 - aii)T d~Pi 
j = l ] t 
(3.115) 
where 
~~ = ball mill rate/ discharge value for size i particles (hr-1) 
t 
Generation and Consumption 
As mentioned above, the ball mill appearance function, aij, and the rate/ discharge func-
tion, -£t function are specified in the ball mill model and are determined by laboratory 
• 
scale ore ball milling tests. 
Appearance Function, aij : Similar to the the SAG mill appearance function, the 
ball mill appearance function is a matrix of vectors that describe: 
1. the amount of material in a given size that is "selected" for breakage, and, 
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2. the distribution that remains after breakage has occurred 
Similar to the SAG mill appearance function matrix, the ball mill appearance function 
matrix is a square matrix of size (no. of sizes x no. of sizes). Also, since there is no 
particle growth, the appearance function matrix is a lower-triangular matrix. Unlike the 
SAG mill, the appearance vector is the same for each particle size. This is a result of type 
of breakage occurring in the mill. Only abrasion (low energy) breakage occurs in a ball 
mill and the resulting breakage distribution is independent of size. 
Rate/ Discharge Function, ~ : The rate/ discharge function is determined from data 
1 
obtained during plant surveys and by a model fitting process. The full function for a 
given ball mill is condensed to a set of four (4) ("knot size", ln(J'.)) pairs. The knot sizes 
are selected to encompass the size distribution and capture important features,such as the 
maximum breakage rates of intermediately sized particles. The rate/ discharge values for 
each particle size is determined by interpolation. 
Ball Charge Model 
The ball mill ball charge model simply consists of: 
1. a specified ball charge level, J b 
2. a specified ball top size (in mm) 
Both of these parameters are specified by plant survey data. 
Model Scaling 
To increase the utility of the ball mill model, a number of scaling factors are used to adjust 
the rate/discharge function values according to the prevailing operating conditions (wrt 
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the conditions for which the original model was developed), see Equation (3 .116). 
(f. )siM 
-
(f.)FIT (
DsiM)o.s (1 - LFsiM) (LFsrM) (GssiM) (WlsiM)o.s (3.116) 
DnT 1 - LFFIT LFFIT GsFIT WIFrT 
where 
D 
LF 
Gs 
WI 
FIT 
SIM 
= 
= 
-
= 
-
= 
mill inside diameter (m) 
Jb = ball charge fraction (Jb) (fraction) 
~ = mill critical speed (RPM) 
ore work index (kWh/t) 
original conditions of fitted model 
simulated conditions 
(3.117) 
Model scaling on account of ball size is divided around size xm, the size below which, abra-
sion breakage predominates and above which, impact breakage predominates, see Equa-
tion (3.118). 
Xm = K · b2 
where 
K = maximum breakage factor (mm-1) 
b = ball diameter (mm) 
Xm = impact versus abrasion breakage boundary particle size (mm) 
For particle sizes, x ~ Xm, 
(f.)siM bFIT 
(f.) FIT = bsiM 
For particle sizes, x > Xm, 
(f. )siM _ 
(;.)FIT - (
bs1M) 2 
bnT 
Power draw Model 
(3.118) 
(3.119) 
(3.120) 
The ball mill power draw model is the same as that detailed for SAG mill power draw in 
Section 3.3.1. 
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Ball mill model validation 
Table 3.10 contains results of the validation of the ball mill model (in isolation) by way of 
the stream properties of the ball mill discharge stream. The reference case is the JKSimMet 
simulation results from the model constructed from the grinding circuit survey (David, 
1997), see Appendix B. The feed stream and the columns headed with "JK" is the reference 
data. The columns headed "model" and "error'' are the results from t his work and the 
absolute, relative error between this work and the reference data. 
Generally, the model results show excellent agreement with the reference data with all 
errors less than 0.6%. The reference data lacked a ball mill powerdraw figure. The ball mill 
is rated to 3000 kW. The model power parameter, k, can be adjusted so that the agreement 
is better than the tabulated 5%. Therefore this aspect of the model is considered valid 
also. 
At this point the ball mill model was judged valid. 
Table 3.10: Ball mill model validation 
Stream Ball mill 0 /S Ball mill discharge 
Properties Feed JK model error(%) 
tph_s 1069 1068 1069 0.0 
tph_ l 321 321 321 0.0 
tph_p 1390 1390 13890 0.0 
%s wjw 76.9 76.9 76.9 0.01 
%1 wj w 23.1 23.1 23.1 0.02 
m3ph_s 403 403 403 0.01 
m3ph_ l 321 321 321 0.03 
m3ph_p 724 724 724 0.02 
I 
%s vj v 55.7 55.7 55.7 0.01 
%1 vjv 44.3 44.3 44.3 0.01 
1 SGp 2.27 2.27 2.27 0.0 
Pso 0.64 0.44 0.44 0.5 
I 
Powerdraw (kW) ~ 3000 3148 4.9 
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3.3.6 Flash Flotation Cells 
At the time of the grinding circuit surveys (early 1997) the flash flotation cells were either 
being installed or commissioned. As a result, the flash flotation cells were not in operation 
during the surveys. Furthermore, a·detailed model was not developed for the NPM flash 
flotation cells by the JKTech personnel. Therefore, to achieve a full circuit model, a 
simplified model would need to be utilised for the flash flotation cells. The model proposed 
for such utilisation is a simple efficiency curve, similar to that utilised for the SAG mill 
discharge screen, see Section 3.3.4. Again, the corrected 50% passing size, dsoc, and water 
recovery to underflow (tails), R 1, are specified model parameters (that would have to be 
determined by plant survey). 
In the absence of operating data, or, a reference JKSimMet simulation case, validation of a 
flash flotation model is not feasible. Therefore, the flash flotation cells have been omitted 
from the full circuit model. 
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3.4 Steady State. Circuit Model Validation 
Once the individual equipment models were constructed and validated they were joined 
together to form the full circuit as per the grinding circuit survey (David, 1997). Operating 
conditions characteristic of the survey are: 
• zero recycle of primary cyclone underflow to the SAG mill 
• flash flotation cells not operating 
Table 3.11 through Table 3.14 show the comparative error between the model simulation 
results and the base case data (David, 1997), see Appendix B. For brevity, comparative 
Stream Properties results only are shown here. Appendix C contains the reference data 
and the simulation results in full. The Appendix B survey data was simulated on a unit by 
unit basis by the MATLAB-Simulink models to produce the reference data in Appendix C. 
Table C.l through Table C.4 contains the stream properties and size distribution informa-
tion for the reference data. Table C.5 through Table C.8 contains the stream properties 
and size distribution information for the full circuit MATLAB-Simulink simulation model 
results. The size distribution information for these two cases (and the inferential model 
case) are shown graphically in Figure C.l through Figure C.88 . 
Referring again to Tables 3.11 to 3.14, the agreement is generally acceptable with many of 
the results exhibiting errors of < 1%. There are a number of results which exhibit errors 
significantly larger and these will now be addressed in more detail. 
Table 3.11 contains the results for the "front-end" of the primary grinding circuit and 
Table 3.12 contains the results for the "back-end" of the primary grinding circuit. Again, 
agreement is generally acceptable at < 1%. It should be noted that the SAG mill fresh 
feed and rock charge, SMFF & SMRC, respectively, are specified information. Further 
details are as follows: 
• The oversize crusher feed (OSCF) and product (OSCP) exhibit ~ 6% error in the 
water flow. These are essentially dry streams. Therefore, small differences in water 
flowrates correspond to larger relative errors. 
• The SAG mill and oversize crusher powerdraw and the primary cyclone pressure 
estimates exhibit good agreement. 
• A number of the eighty percent passing size (Pso) results show significant devia-
tion from the base case information. These deviations are attributed to interpolation 
errors combined with minor model approximations. The commercial simulation pack-
age (JKSimMet) utilises splines to describe size distributions and for interpolation. 
Linear description and interpolation (fixed by the points (0.001 mm, O%passing) and 
(180.76 mm, 100%passing)) are considered sufficiently accurate in this research and 
thus are utilised in the MATLAB-Simulink models. 
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Furthermore, for fine streams, such as the primary cyclone overflow (PCOF) and 
underflow (PCUF), where the reference data is of the order of 101 to 103 J.Lm, small 
differences between simulation and reference data are simply relatively larger. 
The Pao measure is also an attempt at a single point measure of a full size distribu-
tion. Relative movement in the Pso measurement over time is the most important 
consideration rather than the absolute value of the measurement itself (Davies et al., 
2000) . 
The difference in interpolation methods is one of the minor model approximations. 
Manual fitting of model parameters was utilised predominantly in the model devel-
opment phase. In the JKSimMet software, model fitting, using least squares min-
imisation techniques, is conducted prior to ~onducting simulations. Manual model 
parameter fitting was considered sufficiently accurate in this research and proved 
insightful regarding model sensitivity. 
Considering these points, the simulation results, including the Pso results, are con-
sidered acceptable. 
Table 3.13 contains the results for the "front-end" of the secondary grinding circuit and 
Table 3.14 contains the results for the "back-end" of the secondary grinding circuit. Here 
the level of agreement is lower than the for the primary circuit and there is also a wider 
range in the results. These features are due to the propagation of errors from upstream 
information combined with model parameter influences. Certain parameters were sele~ted 
to achieve close agreement for the grinding circuit product stream (secondary cyclone 
overflow, SGOF) at the expense of lower agreement levels for some streams internal to the 
circuit,e.g., secondary cyclone underflow, SCUF. Further points of discussion are: 
• The P 80 remarks above regarding interpolation methods and model approximations 
apply here also. 
• The "dry stream" comments above apply for the ball mill screen oversize (BSOS) 
here. 
• Water results throughout the secondary survey are strongly influenced by the circu-
lating water in the secondary cyclone underflow (SCUF) stream which is a result of 
model parameter influences mentioned above. 
• Ball mill powerdraw and secondary cyclone pressure estimates display good agree-
ment. 
In conclusion, these results (Table 3.11 through Table 3.14) and those in Appendix 0 
display satisfactory agreement with the reference data outright, especially once the prop-
agation of errors and the influence of model parameters have been considered. Therefore, 
at this point the steady state grinding circuit model is deemed valid. 
Chapter 3. Steady State Model Development and Validation 115 
Table 3.11: Simulation Errors: P rimary Circuit - SAG mill 
Stream 
SMDC I Properties SMFF OSCP SMTF SMRC 
tph_s 0.0 0.1 0.0 0.0 o.o I 
tph_l 0.0 6.0 0.0 0.0 0.1 
tph_p 0.0 0.1 0.0 0.0 0.0 I 
! 
%s wjw 0.0 0.0 0.0 0.0 0.0 
%1 wjw 0.0 5.9 0.0 0.0 0.1 I 
m3ph_s 0.0 0.1 0.0 0.0 o.o I 
m3ph_l 0.0 6.0 0.0 0.0 0.1 
m3ph_ p 0.0 0.1 0.0 0.0 o.o I 
%s v/v 0.0 0.0 0.0 0.0 0.0 . 
%1 vj v 0.0 5.9 0.0 0.0 0.0 I 
SGp 0.0 0.0 0.0 0.0 o.o 1 
Pao 0.0 20.0 0.0 0.0 2.0 
Power 2.2 
Pressure 
I 
Table 3.12: Simulation Errors: Primary Circuit - Screen/ Crusher/ Cyclones 
Stream 
Properties SMDC OSCF OSCP PCFD PCUF PCOF 
tph_ s 0.0 0.1 0.1 0.0 0.0 0.1 I 
tph_l 0.1 6.0 6.0 0.1 0.0 0.1 1 
tph_ p 0.0 0.1 0.1 0.0 0.0 0.1 1 
%s w/w 0.0 0.0 0.0 0.0 0.0 0.0 . 
%1 wj w 0.1 5.9 5.9 0.0 0.0 0.01 
m3ph_ s 0.0 0.1 0.1 0.0 0.0 0.1 
m3ph_l 0.1 6.0 6.0 0.1 0.0 0.1 
m3ph_p 0.0 0.1 0.1 0.1 0.0 0.1 
%s vj v 0.0 0.0 0.0 0.0 0.0 0.0 
%1 vjv 0.0 5.9 5.9 0.0 0.0 0.0 
SGp 0.0 0.0 0.0 0.0 0.0 0.0 
Pao 2.0 34 . 20 95 90 36 
Power 5.2 
Pressure 0.3 
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Table 3.13: Simulation Errors: Secondary Circuit - Ball mill/ Screen 
Stream 
Properties PCUF SCUF BMFD BMDC BSOS BSUS 
tph_ s 0.0 0.1 0.1 0.1 3.8 0.1 
tph_l 0.0 45 36 36 34 34 
tph_ p 0.0 9.9 8. 8.4 3.6 8.3 
%sw/ w 0.0 8.9 7.7 7.7 0.3 7.6 
%1 wj w 0.0 32 25 26 39 24 
m3ph_s 0.0 0.1 0.1 0.1 3.8 0.1 
m3ph_l 0.0 45 36 36 34 34 
m3ph_p 0.0 19 16 16 3.1249 16 
%s vjv 0.0 16.0 13.7 13.7 0.7 13.5 
%1 vfv 0.0 21.4 17.2 17.3 39 16.2 
SGp 0.0 0.1 0.1 0.1 0.1 0.1 
Pso 90 41 38 34 48 33 
Power :s: 10 
Pressure 
Table 3.14: Simulation Errors: Secondary Circuit- Cyclones 
Stream 
Properties BSUS PCOF SCFD SCUF SCOF 
tph_s 0.1 0.1 0.1 0.1 0.0 
tph_l 34 0.1 20.5 45 0.0 
tph_p 8.4 0.1 7.0 9.9 0.0 
%s wjw 7.6 0.0 6.5 8.9 0.1 
%1 wf w 24.1 0.0 12.6 32 0. 
m3ph_s 0.1 0.1 0.1 0.1 0.0 
m3ph_ l 34 0.1 20.5 45 0.1 
m3ph_ p 15.7 0.1 11.9 19.2 0.0 
%s v/v 13.5 0.0 10.5 16.0 0.1 
%1 vfv 16.1 0.0 7.7 21.4 0.0 
SGp 0.1 0.0 0.1 0.1 0.0 
P so 33 36 32 41 49 
Power 
Pressure 0.1 
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3.5 Supplementary Model Validation: Gault Data 
3.5.1 Process Description 
The steady state models discussed above were further validated against data published in 
a University of Queensland PhD Thesis, (Gault, 1975). The results of the base case of 
the Kambalda Nickel Operation (KNO) rock-pebble mill circuit, shown in Figure 3.6, were 
selected as reference for further model validation. 
The fresh ore ( -9.5 mm) is fed to a rock mill, which is periodically charged with rock media 
(+127 to -203 mm). Rock mill discharge is presented to a DSM sieve bend, which recycles 
screen oversize to the rock mill and feeds screen undersize to a Krebs D20B cyclone3. Cy-
clone overflow represents the circuit product, which reports to the flotation plant. Cyclone 
underflow is fed to a pebble mill, which is periodically charged with pebble media ( + 76 
to -127 mm). Pebble mill discharge joins the rock mill discharge stream reporting to the 
DSM sieve bend. Table 3.15 contains the key details of the processing units within the 
KNO circuit and the modelling parameters utilised. The DSM Screen was modelled as an 
efficiency curve. 
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Figure 3.6: KNO Grinding Circuit 
I 
... 
i 
3Cyclone dimensions taken from the supplementary information manual of t he JKSimMet Manual 
(JKTech, 1994) 
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The SAG mill model requires numerous parameters, such as ore hardness and breakage 
parameters (A, band ta), an initial estimate of the SAG mill rock charge, discharge grate 
characteristics (fractional grate open area, relative open area of the pebble ports, relative 
radial position of open area and relative radial position of outer grate) and numerous 
others. These parameters were not presented by Gault (1975), presumably because the 
SAG model was not at its current stage of development. Educated guess-work could be 
used to estimate a number of the parameters. However, determinat ion of all of the required 
parameters and the full definition of the SAG mill model is not possible. Therefore, the 
SAG mill was modelled as a ball mill to fulfill the objective of obtaining a full circuit model. 
A major consequence of this simplification was that simulation of the dynamic tests con-
ducted by Gault (1975) were not possible to replicate. However, this unfortunate devel-
opment did not compromise the model validation objective. The results presented below 
reinforce the validation of the steady state models. Regarding the further validation of the 
inferential measurement models developed in Chapter 5, fortuitously, Northparkes Mines 
data was sourced from the time of the SAG Control Project (Romagnoli et al., 1997) , 
which was able to be utilised for this purpose. Section 8.1 details this further validation of 
the inferential models. 
3.5.2 Validation Results 
Figure 3.7 shows the simulation model Rock Mill discharge presented alongside the KNO 
Rock Mill discharge. Visual inspection shows a good match between the simulation re-
sults and the Gault reference data. These results reinforce the validity of the simulation 
models utilised in this research, especially considering minimal, manual model fitting was 
conducted. The in-built model-fitting functionality of JKSimMet is not a feature of the 
models utilised in this research. The latter two points apply throughout the following 
discussion. 
The Pebble Mill discharge results are shown in Figure 3.8. · The close fit of the Rock Mill 
discharge is not evident here. However, the fit between the simulat ion model and the 
Gault data was considered satisfactory, which reinforced the validity of the ball mill model 
utilised in this research. 
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~~~ ...., ... ~ ......... ~ ......... .................. ~ ... _ ... _ !!.!_~ 
Unit Dimensions 
Rock Mill Mill Diameter, Dmm = 3.20 m 
Mill Length, Lmil! = 4.10 m 
Frac. Critical Speed, N fcs = 78 % 
Cone Angle, e = 15 o 
Trunnion Diameter, Dt = 0.75 m 
Trammel Screen Aperture = 7.9 mm 
DSM Screen Aperture = 5 mm 
Pebble Mill Mill Diameter, Dmill = 3.81 m 
Mill Length, Lmil! = 5. 79 m 
Frac. Critical Speed, N fcs = 67 % 
Cone Angle, e = 15 o 
Trunnion Diameter, Dt = 0.75 m 
Cyclone Krebs D20B 
Cyclone Diameter, De = 0.508 m 
Inlet Diameter, Di = 0.157 m 
Outlet Diameter, D0 = 0.203 m 
Underflow Diameter, Du = 0.152 m 
Cylinder Length, Lc = 0.32 m 
Cone Angle, e = 20 o 
-·-- -- -- - -- -
Figures 3.9, 3.10 and 3.11 illustrate the simulation model results v ersus the Gault data for 
the DSM sieve bend, Rock Mill trammel screen and cyclone, respectively. The DSM sieve 
bend results, Figure 3.9, are mixed. There is excellent agreement for the fine undersize 
stream, while there is a lesser degree of agreement for the coarse oversize stream. This 
latter diversion is attributed to the low degree of separation effected by the DSM sieve 
bend. 
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The undersize stream distribution is similar to the feed distribution. Small modelling 
inaccuracies are emphasized in the stream that is extracted from the bulk material, the 
coarse stream in this instance. The model fitting effort was limited by time constraints. 
Furthermore, the relative, perceived insignificance of supplementary model validation of a 
DSM sieve bend curtailed further model fitting. The results for the DSM sieve bend as 
they stand, and considering the latter points, are considered sufficient to deem the sieve 
bend model valid. 
The Rock Mill trammel screen results are shown in Figure 3.10. There is good agreement 
at the top and bottom of the distribution. There is lesser agreement mid-distribution. The 
discrepancies in the results are attributed to the sharp separation required to model the 
narrow trammel oversize distribution. Such a sharp separation requires thorough model-
fitting, which was not afforded to this problem on account of time constraints and the 
relative insignificance of the trammel screen modelling task. The results were considered 
sufficiently satisfactory and the trammel screen model, therefore, was considered valid. 
Figure 3.11 illustrates the cyclone stream results. There is a relatively low degree of sepa-
ration occurring at the cyclone, with the cyclone underflow being not altogether dissimilar 
to the cyclone feed. This is a contributing factor to the errors evident in the results. Other 
contributing factors are related to the cyclone dimensions and the cyclone modelling pa-
rameters. 
The cyclone is a Krebs D20B cyclone, the dimensions or which are not detailed by Gault 
(1975). The dimensions listed in Table 3.15 were sourced, as previously mentioned, from 
the supplementary information booklet of the JKSimMet Manual (JKTech, 1994). There 
is no way to ascertain the applicability of these dimensions to the KNO cyclone. 
The Nageswararao cyclone model, detailed in Napier-Munn et al. (1996) and utilised in this 
research relies on numerous cyclone dimension, ore property and efficiency curve parame-
ters. As mentioned, the cyclone dimensions utlised contain a degree on uncertainty. Best 
estimates of the ore-property parameters were sourced from the supplementary information 
booklet of the JKSimMet Manual (JKTech, 1994). Time constraints and research focus 
curtailed the model-fitting effort. Considering these points, the model-fit achieved was 
considered sufficient to prove the validity of the cyclone models utilised in this research. 
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In conclusion, the supplementary model validation, based on the data published in Gault 
(1975) and presented in summary by way of Figures 3.7 through 3.11, reinforce the con-
clusions of Sections 3.3 and 3.4 that the steady state unit process models and the steady 
state grinding circuit model are valid. 
The model validation conducted in this Chapter has been the comparison of the MATLAB-
Simulink model results to the results generated by JKSimMet (the commercially available 
software) for the same circuit. This degree of validation was dictated by access to the 
process and the independent nature of this research, i .e., comminution research without the 
support of a comminution research resource-base, such as the Julius Kruttschnitt Mineral 
Research Centre. Therefore, model validation at a pilot plant or full scale level was not 
feasible. The research independence has resulted in certain freedom in the techniques 
employed and model assessments presented. 
Model validation at the simulation model level was considered sufficient towards the 
achievement of the objectives of the research - the development of the SAG mill infer-
ential models. This level of validation also leaves the simulation models in a state of 
readiness for further research and development. 
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3.6 Summary 
In this Chapter, steady state models of the comminution circuit unit operations and the 
full circuit have been programmed into the MATLAB-Simulink environment and validated 
against industrial plant survey data, see Appendix B and Appendix C. Further supple-
mentary validation was conducted against published data (Gault, 1975). 
Generally, the models presented in this Chapter are those described in the Julius Kruttschnitt 
Mineral Research Centre Monograph (Napier-Munn et al. , 1996) and the JKSimMet User 
Manual (JKTech, 1994) and thus do not represent innovations of this research. One ex-
ception is the impact zone model developed independently in the course of this research, 
see Section 3.3.1, as indicated in Table 3.16, the Innovation Summary for this Chapter. 
Table 3.16: Chapter 3 Innovation Summary 
Section Innovation 
Section 3.3.1 SAG mill impact zone model 
Chapter 4 
Dynamic Model Development 
To investigate state estimation for SAG mills a number of dynamic models are required. 
In this Chapter dynamic models are developed for the following : 
• SAG mill ball charge (size by size) 
• SAG mill rock charge (size by size) 
• SAG mill water charge 
• SAG mill liner weight 
The ball charge model is detailed in Section 4.1, the rock and water charge models are 
described in Section 4.2, and the shell weight model is presented in Section 4.3. 
4.1 SAG mill ball charge 
The dynamic ball charge model proposed by this work is as follows: 
Accumulation 
dbci 
dt 
where 
bq -
bii 
b~ -
bwi = 
- In - Out + Generation - Consumption 
- bii - bei + bwi - 1 - bwi 
mass of balls in ball charge of size i (t) 
feed balls in size i (t/hr) 
balls of size i ejecting from the mill i (t/hr) 
mass of balls wearing out of size i into size i + 1 ( t) 
125 
(4.1) 
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4.1.1 Ball Feed 
The ball feed to the SAG mill, bii, can be determined from operating conditions. Assuming 
that the feed balls are of a single diameter, Db, the ball feed is as follows: 
. 1r ( Db ) 3 3600 b~i = 6 1000 SGb bps bst 
where 
bps 
bst 
Db 
SGb 
= 
= 
balls per stroke 
ball stroke time (seconds) 
new ball diameter (mm) 
ball specific gravity (tjm3 ) 
Some points to clarify balls per stroke, bps, and ball stroke time, bst, are: 
(4.2) 
• grinding balls are fed to the Northparkes Mines SAG mill via a hopper discharging 
onto the fresh feed conveyor 
• grinding ball feed rate is controlled by the stroke rate of the feeding ram 
• the ram is set to stroke every x seconds, i.e., ball stroke time, bst, and discharges ·y 
balls onto the feed conveyor, i.e., balls per stroke, bps 
4.1.2 Ball Wear 
The overall ball wear rate may be determined from operating data. If the ball charge level 
is being maintained at a constant level, the ball wear rate is equal to the ball feed rate. 
The overall ball wear rate translates to ball wear rates by size. These ball wear rates by 
size (bwi) are proposed here to be proportional to the fractional surface area and the ball 
mass in size i and inversely proportional to ball hardness, i.e., 
1 
bwi ex fSAi HBi SMBCi 
where 
bwi 
JSAi 
HBi 
SMBCi 
= 
= 
= 
ball wear of grinding balls in size i (t/ hr) 
fractional surface area of grinding balls in size i (fraction) 
Brinnell Hardness of grinding balls in size i (N/ m2) 
mass of grinding balls in size i (t) 
(4.3) 
The total surface area of grinding balls in size i, SA/, is the product of the number of balls 
in size i, Ni, and the surface area of a ball of size i, i.e., 
SAi = Ni 1r Dbf (4.4) 
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The number of balls in size i, Ni, is determined from the mass fraction of the total ball 
charge in size i and the mass of a ball of size i, i.e., 
smbc; 
Ni = 100 BC 
1r (Db·)3 
where 
BC 
Dbi 
smbq 
6 i55t SGb 
= 
-
= 
total ball charge mass ( t) 
diameter of ball of size i (mm) 
mass percent of balls in size i (%) 
The fractional surface area of the ball charge in size i, f SAi, is 
JSA = SAi 
=-=-
smbs 
Db, 
- "'~ SmCj 
L..,t = 1 1 
(4.5) 
{4.6) 
The ball hardness model proposed here is based on the findings of Banisi et al.(2000), i .e., 
that the ball hardness of 80 mm balls drops significantly when the ball wears to less than 
65 mm in size (~ 81% original size). In this work the original ball diameter is 125 mm 
and it is assumed that the hardness decreases markedly at the 95 mm mark (76% original 
size). 
Assuming hardness of 450 and 250 Brinnell for the outside layer and the inner layer of 
the balls, respectively, (estimated from data in Perry's, (Perry et al., 1984)) and that the 
variation of hardness across ball diameter can be described by a Whiten classification model 
type relationship, (Whiten, 1972), (Napier-Munn et al., 1996){also refer to Section 3.3.3), 
the ball hardness, H Bi, can be described as follows: 
H B(Dbi) = · 250 for Dbi < K1 
HB(Db·) = 450 - ( K2 - Dbi) K3 
t K2 - K1 for Kl < Dbi < K2 (4.7) 
HB(Dbi) = 450 for Dbi 2: K2 
(4.8) 
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where 
H B(Dbi) = ball hardness as a function of ball diameter (Brinnell) 
K1 = 0.76Db = 95 mm 
- ball size below which hardness falls to 250 Brinnell (mm) 
K2 = Db = 125 mm 
- ball size where hardness is 450 Brinnell (initial ball diameter) (mm) 
K3 = 2.3 
- curve shape parameter 
Q- 450 ~ 
r:: 
r:: 
·;;:: 
m 
-U) 
~ 
r:: 
"0 
.... 
0 
:I: 
=a 
m 
250 
Kl K2 
Ball Diameter (mm) 
Figure 4.1: Ball Hardness Model 
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The ball hardness model is illustrated in Figure 4.1. The model can be adjusted to suit 
a given set of operating conditions by the introduction of a ball wear coefficient, BWki, 
which can be fitted to operating data. For mass balance consistency, the units of the ball 
wear coefficient are (Brinnel/hr). The ball wear model can now be stated as follows: 
1 bw· = BWk·fSA- -SMBQ. 
t ' ' HBi t (4.9) 
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4.1.3 B"all Ejection 
The model of ejection of balls from the SAG mill proposes that the SAG mill discharge 
grate behaves as a vibrating screen which can be modelled by an efficiency to oversize 
model, (Napier-Munn et al., 1996). Ball ejection of size i, bei, can then be stated as 
follows: 
bei = BEki EdCi SM BCi (4.10) 
where 
Edq, = ball ejection efficiency to discharge of size i (fraction) 
bei = ejection rate for balls of size i (tjhr) 
BEki = ball ejection model fitting parameter (hr-1) 
The efficiency model utilised here is taken from Napier-Munn et al . (1996) and is expressed 
in terms of efficiency to undersize since the ejected balls are screen "undersize". 
Edc, = 1 - exp (-N f oag [ 1 - ~!' n 
where 
N 
foag 
Dbi 
Xp 
k 
= 
-
-
= 
-
1 = discharge grate efficiency parameter 
discharge grate fraction open area (fraction) 
ball diameter of size i ( mm) 
discharge grate pebble port size (mm) 
2 = discharge grate efficiency parameter 
4.1.4 Model Fitting and Validation 
(4.11) 
With limited scope for model validation against operating data, the. model was validated 
by fitting the model parameters of: 
• ball wear model parameters, BW ki, and 
• ball ejection model parameters, BE~, 
such that the ball charge model agreed with the steady state operating conditions of the 
survey, (David, 1997), i.e., ~ = 0, see Equation (4.1) and Table 3.3. 
4.2 SAG Mill Rock and Water Charges 
The dynamic models of the SAG mill rock and water charge are obtained by taking the 
models presented in Chapter 3 and relaxing the imposed steady state conditions. 
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4.2.1 Solids Balance 
Recall the solids balance from Equation (3.1): 
Accumulation = In- Out+ Generation- Consumption 
where 
dsi 
dt 
i-1 
- It - Pi + L TjSjaij - (1 - aii)TiSi 
j=l 
Si = mill rock charge particles in size i (t) 
fi = feedrate of particles in size i (t) 
Pi = mill discharge (product) of particles in size i (t) 
ri = breakage rate of particles in size i (hr-1) 
aij = appearance function of particles appearing in size i (a func-
tion of the breakage distribution of particles in sizes 2: size i) 
(fraction) 
Recall also that the mill product stream from Equation (3.3): 
Pi = doCiSi 
where 
do = maximum mill discharge rate (hr-1) 
q = grate classification function for size i (fraction) 
= probability of size i particle passing through mill discharge 
grate 
In the case of the steady state model: 
1. the LHS of Equation (4.12) is set to zero, and, 
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(4.12) 
(4.13) 
2. the maximum discharge rate parameter, do, is fitted to satisfy the steady state mass 
balance. 
For the dynamic solids mass balance: 
1. the LHS of Equation (4.12) is allowed to vary, and, 
2. the maximum discharge rate parameter, do, is governed by Equation (4.14) below. 
Qm 
do = Jprn · Vm (4.14) 
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Jpm = nett fractional holdup of slurry in mill that is contained 
within the grinding charge interstices (fraction) 
Vm = mill internal volume (m3 ) 
The volumetric discharge from the mill (through the media), Qm, is 
Qm = 6100 J';rn, .. ?-5 A</>-1.38 Do.s 
where 
Qm = mill discharge flowrate through grinding media (m3 /hr) 
A = total discharge grate open area (m2) 
D = mill inside diameter (m) 
ry = mean relative radial position of open area (fraction) 
</> = fraction critical mill speed (fraction) 
4.2.2 Water Balance 
Recall the SAG mill water balance from Chapter 3, Equation (3.44): 
Accumulation = In- Out 
dsw fw - Pw - = dt 
where 
Sw - water in the mill charge ( t) 
fw - feed water addition (t/ hr) 
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(4.15) 
(4.16) 
The water feedrate to the mill, fw, is known, therefore the water balance can be determined 
by calculation of the mill discharge water flowrate, Pw, as follows: 
Pw = dosw (4.17) 
The water charge accumulation term may then be determined from Equation (4.16). 
4.2.3 Model Fitting and Validation 
The steady state models of the SAG mill rock charge and water charge were validated in 
Chapter 3. In the absence of dynamic plant data, the corresponding dynamic models were 
validated by verifying their satisfactory behaviour at the steady state conditions of the 
plant survey (David, 1997), see Appendix B. 
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In this development and validation phase of the dynamic model of the SAG mill a high 
degree of model sensitivity to the SAG mill breakage rates, ri, was encountered. Small vari-
ations in the calculated breakage rates, ri, resulted in the SAG mill rock charge diverging 
in an un-bounded fashion from the initial steady state conditions. 
This behaviour may be attributed in part to errors introduced during the model fitting 
stage of this research, including the utilisation of linear interpolation methods instead of 
higher order methods. The behaviour is also likely to be characteristic of the breakage 
rate model itself since researchers at the Julius Kruttschnitt Mineral Research Centre have 
experienced similar behaviour ("room for improvement" exists in the "key sub-process'' of 
"breakage rate relationships") and have utilised a Kalman filter to estimate parameters to 
continually tune the model against on line data (Morrell et al. , 2001). Currently, the Julius 
Kruttschnitt Mineral Research Centre dynamic SAG mill model is currently undergoing 
validation1 and is projected to be utilised widely by industry over the next 10 years (Lynch 
. . 
and Morrison, 1999). 
A detailed study of the breakage rate calculation is beyond the scope of this work. How-
ever, in Section 6.5, the breakage rate "knot" equations, Equations (3.22) to (3.30) in 
Section 3.3.1, are included in a sensitivity analysis that studies the relative influence vari-
ous model parameters have on the breakage rates . The effect of the breakage rates on the 
fresh feedsize inferential model are described in Section 8.2.2. 
4.3 SAG Mill Liner Weight 
The SAG mill installation weight, SMIW, can be considered a sum of a number of con-
stituents: 
SMIW = shell + lining + D/C grate 
where 
SMIW 
shell 
lining 
= SAG mill installation weight (t) 
= SAG mill shell weight (t) 
SAG mill shell lining weight (t) 
D/C grate = SAG mill discharge grate weight (t) 
(4.18) 
The mill shell remains intact throughout the operational life of the mill. Therefore, the 
mill shell weight (shell) is a constant. The lining is the internal shell protective lining and 
is subject to wear through direct contact with the mill contents. The SAG mill discharge 
1 As discussed with Dean David, Manager, JKTech Consulting, JKTech, at SAG 2001 Conference. 
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grate is internal to the mill also and is subject to wear. Periodic change out of the mill 
protective lining and discharge grate occurs to accommodate the wear of these internal 
components. 
From plant experience, the shell lining wear occurs predominantly at discharge end. There-
fore, the lining term can be broken up into a feed end and a discharge end term: 
SM IW = (shell + liningp E) + ( liningvE + D / C grate) 
where 
liningvE = weight of the discharge end of the shell lining (t) 
liningFE = weight of the feed end of the shell lining (t) 
(4 .19) 
Combining th~ feed end lining terms and a constant (to accommodate mill weight instru-, 
ment offset), SMWconst (t), allows the model to we rewritten as follows 
SMIW = SMWconst + liningDE + DfC grate (4.20) 
The dynamic SAG mill liner wear model may then focus on the grouped mill discharge 
end terms and may be written as follows: 
dSMIW 
dt 
where 
= -wearate 
wearate = SAG mill discharge end wearate (t/ hr) 
Integrating Equation (4.21) with respect to time, t, yields 
SMIW = SMIWo - wearate · t 
where 
SMIWo 
t 
- initial SAG mill installation weight (Equation (4.20) evalu-
ated at initial conditions) (t) 
time (hr) 
4.3.1 Wear Rate 
The mill liner wear rate, wearate, can determined from: 
• the change-out frequency, and, 
(4.21) 
( 4.22) 
• the relative change in weight of the discharge grate and discharge end shell lining at 
change-aut time 
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Based on plant experience, the change-out frequency is approximately 6 weeks, or 1,008 
hours ( 6 x 7 x 24), and the change-out liner weight is approximately half the liner 
installation weight, i.e., 
wearate -
where 
HliningnE o + D/Cgrateo) 
1008 
lining DE o = installation weight of the discharge end of the shell lining (t) 
liningpE o = installation weight of the feed end of the shell lining (t) 
(4.23) 
The shell lining is a series of alternating low lifter and high lifter bars separated by shell 
lining pieces. The installation weight of the discharge end shell lining, liningnE o, is 
calculated as follows: 
liningnE o = 
1 lbw ( hlt - slt) 2 Lsm Pliner nhl 1000 
1 lbw ( llt - slt) 
+ - L sm Pliner nll 1000 
2 2 
slt [ slt ] + ~ Pliner Lsm{ DsmO 1000 - 1000 } 
where 
Pliner = liner density (tjm3) 
nhl = number of high lifter bars 
nll = number of low lifter bars 
lbw = lifter bar width (mm) 
hlt = high lifter bar thickness (height) (rom) 
llt = low lifter bar thickness (height) (rom) 
slt = shell liner thickness (height) (mm) 
Dsmo = SAG mill shell inside diameter (m) 
Lsm = SAG mill shell length (m) 
(4.24) 
In Equation (4.24), the third term represents the weight of an annular piece of shell lining 
of thickness slt, defined by the shell inside diameter, Dsmo, and extending to half the mill 
length, Lsm· The first and second terms are the weight of portion of high and low lifter 
bars, respectively, that protrude above the shell lining. 
The installation weight of the discharge grate, D / C grate o, is calculated as follows: 
( 
Dsm2 dgt Dt8m2 dgt 
D /C grate o = Pliner 7r - 4- lOOO ( 1 - foag) - 7r -4- 1000 (4.25) 
d lbw ( hlt - slt ) ( D _ Dt ) ) + n g 1000 1000 sm sm 
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where 
dgt = discharge grate thickness (mm) 
ndg 
-
number of discharge grate segments 
- (conceptually similar to pieces of pie) 
foag = fraction grate open area (fraction) 
Dtsm - SAG mill trunnion diameter (m) 
In Equation ( 4.25), the first and second terms represent the weight of the large flat disc 
(that constitutes the discharge grate) of thickness, dgt, less the apertures in the grates (area 
fraction foag) and the absent central piece of diameter Dtsm· The third term represents 
the weight of the portion of the discharge end lifter bars that protrude above the surface 
of the discharge grate. The discharge grate lifter bars are of thickness (height) hlt and of 
length ( Dsm - Dtsm ). 
4.3.2 Shell Thickness 
The assumption that all mill lining wear occurs in the discharge end of the mill allows the 
mill liner model to be simplified. Subtracting the mill weight constant ( S MW const) from 
both sides of Equation ( 4.22) yields: 
( liningns + D /C grate) = ( liningDE + D /C grate )o - wearate · t (4.26) 
Assuming that wear is uniform throughout the discharge end of the mill, the wear thickness, 
wt, (the amount (mm) of lining component that has been worn away) can be determined 
as follows: 
1. Take all terms in Equation ( 4.26) to one side of the equation: 
0 = (lining DE + D /C grate )o- wearate · t - ( liningnE + D /C grate) ( 4.27) 
2. Express ( liningns + D / C grate) in terms of wear thickness, wt, by the substitution 
of ( slt - wt) for slt in Equation (4.24) and Equation (4.25): 
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1 L hl lbw ( hlt - ( slt - wt)) 
2 sm Pliner n 1000 1000 (4.28) 
lining DE 1 L ll lbw ( llt - ( slt - wt) ) + 2 sm Pliner n lOOO 
+ 
1r (slt - wt) [(slt - wt)J 2 
- + 2 Pliner Lsm{ DsmO 1000 - 1000 } 
DfCgrate ( 
Dsm2 dgt ( Dtsm2 dgt 
+ Pliner 7f -4- 1000 1 - foag) - 7f -4- 1000 
d lbw ( hlt - ( slt - wt) ) ( D _ Dt ) ) 
+ n g 1000 1000 sm sm 
3. Solve Equation (4.27) for wt- the root of the equation, e.g., with fzero , the MATLAB 
scalar nonlinear zero finding function 
4. Determine the current lining thickness, ( slt - wt) 
4.3.3 Model Validation 
The mill specifications and other data relevant to this model are contained in Table 4.1. 
Utilising this data yields the results contained in Table 4.2 which translate to 38 tonnes 
(43 mm) of discharge end liner wear occurring over a six (6) week period. These results 
are plausible. In the absence of detailed operating data, further model validation was not 
possible but is recommended at or prior to an implementation stage. 
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Table 4.1: Mill Lining Specifications 
ITEM VALUE 
SAG mill installation weight (initial), SMI Wo (t) 338 
number of high lifter bars, nhl 24 
number of low lifter bars, nll 24 
lifter bar width, lbw (mm) 200 
high lifter bar thickness (height), hlt (mm) 180 
low lifter bar thickness (height), llt (mm) 75 
. 
shell liner thickness (height), slt ( mm) 50 
SAG mill shell inside diameter, Dsmo (m) 7.32 
SAG mill shell inside length, Lsmo (m) 3.73 
SAG mill shell length, Lsm (m) 3.53 
discharge grate thickness, dgt (mm) 100 
number of discharge grate segments, ndg 24 
fraction grate open area, f oag (fraction) 0.179 
SAG mill trunnion diameter, Dtsm (m) 1.6 
liner density, Pliner (t/ m3) 7.8 
Table 4.2: Mill Liner Model Results 
ITEM VALUE 
Initial discharge end lining weight, liningvEo (t) 26.0 
Initial discharge grate weight, D/C grate0 (t) 51.8 
Wear rate, wearate, (t/ hr) 0.038 
Wear thickness, wt (mm/hr) 0.043 
( = thickness worn away each hour) 
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4.4 Summary 
In this Chapter, dynamic models of the SAG mill rock, water and ball charges and the 
mill protective lining were developed and presented. Eac~ model was programmed into 
the MATLAB-Simulink environment and validated against steady state industrial plant 
survey data, see Appendix B. 
The rock and water charge models presented in this Chapter are extensions of the steady 
state models of Chapter 3 and have been presented previously by Julius Kruttschnitt 
Mineral Research Centre personnel and thus do not represent innovations of this research. 
However, the discussion surrounding the rock charge model sensitivity to the breakage 
rates, in Section 4.2.3, represents independent commentary. 
The dynamic ball charge and protective lining models presented in Sections 4.1 and 4.3, 
respectively, are innovations resulting from this research. FUrther model validation is 
recommended at or prior to an implementation stage. The innovations of this Chapter are 
summarised in Table 4.3. 
Table 4.3: Chapter 4 Innovation Summary 
Section Innovation 
Section 4.1 Dynamic SAG mill ball charge model 
Section 4.3 Dynamic SAG mill protective lining model 
Section 4.2.3 Comments on the sensitivity of the rock charge model to the breakage 
rates 
Chapter 5 
Inferential Model Development 
With the foundation steady state and dynamic modelling presented, focus now turns to the 
primary grinding circuit, refer to Figure 5.1, and the inferential measurement of the SAG 
mill inventories, SAG mill fresh feed rate and size distribution and SAG mill discharge rate 
and size distribution. This Chapter discusses the development of these inferential models. 
In Section 5.1, the inferential models are presented following an overview of the calculation 
sequence involved. In Section 5.2, the models are validated against the reference data and 
the simulation data. 
0/S 
C:ruG!lu 
D~G H 1 0 ~o:e 
~------~~~'~--------~~~. 
SAG Mill 
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Figure 5.1: Primary grinding circuit flowsheet 
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5.1 Model Overview 
Inferential measurement of the SAG mill inventories, feed rate and sizing and mill discharge 
rate and sizing requires the development of suitable models. Section 5.1.1 through Sec-
tion 5.1.6 details the development and utilisation of the inferential measurement models. 
An overview of the model utilisation and calculation sequence is as follows: 
1. The oversize crusher feed (OSCF) and primary cyclone feed (PCFD) streams are 
calculated from the scats feedrate, primary cyclone feed flowrate and density data 
and assumptions about the size distributions (based on SAG mill grate size and 
discharge screen aperture size). The addition of OSCF and PCFD less the discharge 
water addition yields the SAG mill discharge stream (SMDC). The mill discharge 
size distribution (smdc) and passing sizes ( T80 ••. T2o) are calculated in the process. 
2. The SAG mill rock charge (SM RC) is calculated b:y SAG mill discharge function 
model inversion. 
3. SAG mill fractional total filling, Jt, and ball filling, Jb , are determined by solving 
the powerdraw or mill weight equations given mill power draw or weight process 
measurements as inputs. 
4. SAG mill total feed (SMTF) is then calculated by mill model inversion after making 
assumptions about the ball charge size distribution. 
5. Oversize crusher product (OSCP) and primary cyclone underflow (PCUF) are cal-
culated by the direct application of the crusher and cyclone models. 
6. SAG mill fresh feed (SMFF) is calculated by subtracting OSCP and the primary 
cyclone underflow to SAG mill (PCUS) from the SMT F stream. The fresh feed size 
distribution (smf f) and passing sizes ( Fso ... F2o) are calculated in the process. 
5.1.1 Oversize Crusher Feed, Primary Cyclone Feed and SAG Mill Dis-
charge 
Oversize Crusher Feed, OSCFjoscf 
The oversize crusher feed properties (OSCF) and size distribution (oscf) are estimated 
based on the following combination· of measured variables, model parameters and assump-
tions: 
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Measured Variable oversize crusher feedrate (tph), MVscats· 
Model Parameter SAG mill discharge grate pebble port size, Xp = 74.11 mm 
Model Parameter SAG mill discharge screen corrected 50% P assing size, Dsoc 
= 9.82 mm 
Assumption OSCF solids content is 99.9 %solids w/ w (based on the 
screen oversize component being relat ively dry) 
Assumption oscf can be approximated by a Rosin-Rammler distribution 
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The oversize crusher feed mass ftowrates and stream properties (OSCF) are calculated as 
follows: 
OSCFtph_s = MVscats OSCF%swfw 
Oscv _ MV. ( 100 - OSCF%swfw) 
.L'tph_ l - scats 
where 
OSCFtph_s 
OSCFtph_l 
OSCF%swfw = 
oversize crusher solids feedrate ( t / hr) 
oversize crusher liquid feedrate (t/ hr) 
oversize crusher feed solids density (%solids wj w) 
(5.1) 
{5.2) 
The Rosin-Rammler size distribution function is given in Equation (5.3) and has been 
selected for its convenience and since it "has been found to fit many size distributions very 
well" (Napier-Munn et al., 1996)1. 
Wr = 100 e-(;)" 
where 
Wr = cummulative weight percent of material retained at size x 
X 
a 
b 
( cummulative %retained w j w) 
particle size (mm) 
size at which 36.8% (i.e., 100/e) of particles are retained 
(mm) 
slope of ln (zn c~)) versus ln(x) 
(5.3) 
Since it is conventional in mineral processing to represent size distribut ions in cummulative 
percent passing format, Equation (5.3) is more useful in such a format, as given in Equation 
(5.4). The values of a and b for oscf are estimated. 
Wp = 100- lOO e-(~)" (5.4) 
1 Section A3.3 
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where 
Wp = cummulative weight percent of material passing size x 
(Cummulative %Retained wj w) 
Primary Cyclone Feed, PCFDjpcfd 
The basis for the primary cyclone feed stream properties (PCFD) and size distribution 
(pcfd) estimates is as follows: 
Measured Variable primary cyclone feed fiowrate (m3 / hr), Mvpc flow 
Measured Variable primary cyclone feed density (%solids wj w), Mvpc_dens 
Model Parameter SAG mill discharge screen corrected 50% Passing size, Dsoc 
= 9.82 mm 
Assumption pcfd can be approximated by a Rosin-Rammler distribution 
The primary cyclone feed properties (PCFD) are calculated from the plant measured 
. 
variables of cyclone feed fiowrate, PCF Dm3ph_p (MVpc_flow), and feed solids density, 
PCFD%swjw (MVpc_dens)· A mass balance yields, 
PCFDtph_s - PCFDm3ph_p PCFD%sw/w sal Sas (5.5) 
PCFD%sw/w Sal + ( 100 - PCFD%swfw) Sas 
PCFDtph_l 
. 100 - PCFD%swfw 
- PCFDtph_s PCFD %swjw (5.6) 
where 
PCFDm3ph_p = primary cyclone feed fiowrate (m3 / hr) 
PCF D%sw/w = primary cyclone feed density (% solids w j w) 
Equation (5.5) may also be derived from a flow-density-pulp specific gravity combination of 
measurements (Wills, 1989). The primary cyclone feed size distribution (pcfd) is estimated 
in a similar manner as the oversize crusher feed stream. That is, pcfd is approximated by 
a Rosin-Rammler distribution, see Equation (5.4), with estimated values of a and b. 
SAG Mill Discharge, SMDC/smdc 
The SAG mill discharge properties (SMDC) and size distribution (smdc) are estimated 
by the addition of the estimated primary cyclone feed and oversize crusher feed streams 
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less the SAG mill discharge water fiowrate. 
SMDCtph s = OSCFtph_s + PCFDtph_s 
SMDCtph_l - OSCFtph 1 + PCFDtph l - MVvc H2oSGt 
- - -
smdc = OSCFtph s PCFDtph s SMDCtph_s oscj + SMDCtph_s pcfd 
where 
SM DCtph s = SAG mill solids discharge rate (t/hr) 
SMDCtph_l = SAG mill liquid discharge rate (t/hr) 
smdc = SAG mill discharge size distribution (weight retained) (%re-
tained w/w) 
SGz process water specific gravity (tj m3) 
The only additional measured variable, model parameter, or, assumption is: 
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(5.7) 
(5.8) 
(5.9) 
Measured Variable SAG mill discharge water addition ftowrate measured vari-
able (m3 /hr) , MVvc_H20 
Potential now exists to utilise the SAG mill discharge inferential measurement as a measure 
of SAG mill performance. Control objectives and strategies could be formulated centering 
on this measurement. 
Recirculating Load, RC L 
One of the ~'basic requirements" of a grinding circuit control system is the '~measurement of 
the circulating load, so that overload may be prevented" (Lynch, 1977). For a closed-loop 
mill-cyclone arrangement, the circulating load is generally defined as the ratio of the solids 
mass flow in the cyclone underflow to the solids feed to the mill (Wills, 1989). 
In this case, where there are two recycle streams (oversize crusher feed, OSCF, and a 
proportion of the primary cyclone underflow, ( 1 - P Csplit) PCUF) , the amount of 
solid material recirculating is the difference between the mill discharge and the fresh feed. 
Therefore, the recirculating load, RC L , is 
RCL = (SMDCtph s - SMFFtph 8 )100% 
SMFFtph_s 
(5.10) 
Equation (5.10) can be solved utilising the SAG mill discharge solids flow, SMDCtph_s, 
from Equation (5.7) and the SAG mill fresh feed solids flow, SMFFtph_s, calculated in 
Section 5.1.6. 
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Potential now also exists to utilise the recirculating load inferential measurement as a mea-
sure of SAG mill performance. Control objectives and strategies could be also formulated 
incorporating this measurement. 
5.1.2 SAG Mill Rock Charge 
The SAG mill rock charge properties (SMRC) and size distribution (smrc) are estimated 
by the reverse-application of the SAG mill grate discharge function on the SAG mill dis-
charge stream estimate, incorporating a size distribution assumption. 
Solids : Recalling, from Equation (3.6), that mill discharge flowrate is equal to the 
fiowrate through the mill charge, Q = kgQm (for SAG mills the charge toe angle and 
charge slurry pool angle are equal, OT = 8To), is a function of the nett fractional slurry 
holdup in the grinding media, J pm, allows the calculation of the holdup term: 
( 
Qm )0.5 
Jpm = 6100/2.5 A ¢-1.38 no.s (5.11) 
It is now possible to calculate 
• Jpg and Jpo from Equation (3.9), Equation (3.10) and Equation (3.12) 
• Sxm from Equation (3.20) 
• do from Equation (3.18) and Equation (3.19) 
With the maximum discharge rate, do, the mill product, Pi (SMDC/smdc), and the 
following simplified version of the classification function, Ci, (also see Figure 5.2) 
Ci - 0.0 for x ~ x9 
Ci = 
Xg- X 
Xg- Xm 
for Xm < x < Xg (5.12) 
ct - 1.0 for x ::; Xm 
the calculation of mill rock charge, Si (SM RC / smrc), is then possible by manipulation of 
Equation (3.3), i.e., 
Pi 
Si = doct (5.13) 
Equation (5.13) provides no information about the material in the rock charge larger 
than the grate aperture size (x9 ). This proportion of the rock charge is estimated by 
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assuming that it can be approximated by a Rosin-Rammler distribution and then solving 
the following system of q cummulative weight retained equations: 
'"'~ 8. "' b 
q L..J= l ; 100 = 100e-(;;) 
L:i = 1 Si + Li = q + 1 8 i 
where 
X 
t 
a, b 
'"'z s· L..i=q + 1 t 
= particle size (mm) 
= particle size class 
= 
i = 1 : largest size 
i = q : smallest rock size (16 rom) 
i = z : smallest particle size 
Rosin-Rammler distr ibution parameters 
summation of the material less than 16mm in size. Deter-
mined from interpolating the rock charge information ob-
tained from Equation (5 .13) 
(5.14) 
The values of a and b for smrc are estimated with reference to the following points: 
• the total charge (Jt) and ball charge (Jb) level estimates from the next step are deter-
mined independent of this step and provide information on the amount of material 
in the rock charge larger than 50 mm CJr), i.e., 
Jr = Jt - Jb (5 .15) 
. ·- ·· .. ·-----------------------
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• the coarse end ofthe distribution is bounded by the point (180.76, 100%Passing). 
Water : The mill water charge (sw) may be calculated by manipulation of Equation (3.45), 
i.e., 
Pw 
Sw = do 
where 
Pw 
(5.16) 
SAG mill discharge water mass fl.owrate (t/hr) 
For the SAG mill rock charge estimate, the only additional measured variable, model pa-
rameter, or, assumption is: 
Assumption smrc can be approximated by a Rosin-Rammler distribution 
5.1.3 Total Charge and Ball Charge Filling Levels 
The fractional total filling, Jt, and ball filling, Jb, are estimated independently solving the 
mill powerdraw and mill weight equations. There is considerable 'over-lap' of the equations 
utilised, however, two independent estimates of the mill inventories result. Both estimates 
consist of one residual equation in two unknowns ( Jt & Jb) and a inequality constraint 
that imposes the practical reality that the ball charge must be less than or equal to the 
total charge (Jb ::; Jt)· The calculation involved for each of these estimates will now be 
detailed. 
Estimates from Powerdraw 
Close inspection of Equations (3.46) through (3.68) yields that given: 
• mill discharge 
• mill specifications 
• mill model parameters 
• measured mill powerdraw 
the mill powerdraw model can be reduced to one function of two unknowns, i.e., volumetric 
ball charge fraction, Jb, and total charge volumetric fraction, Jt· The inspection will now 
be summarised. 
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Powerdraw Model Inspection 
The equations that contain lt and Jb explicitly are: 
Equation 
u = f(Jt) (3.62) 
z = f(Jt) (3.56) 
</>c = f(Jt) (3.63) 
()T = f(Jt , </>c) -+ f(Jt) (3.54) 
Os = f(Jt , ()T) -+ f(Jt) (3.53) 
r = f(Jt, Os, (}T) -+ f(Jt) (3.67) 
ri = f( lt, /3, Os, OT) -+ f(Jt) (3.68) 
Pc = j(Jb, lt, U) -+ f(Jb, lt) (3.61) 
The remaining equations are either functions of these functions (i.e., implicit functions of 
Jb and/ or lt) or simply functions of plant data and/ or equipment specifications. 
The equations that are implicit functions of the ball charge fraction (Jb) and/ or the total 
charge fraction ( lt) are: 
Equation 
OTo = f(OT) -+ f(Jt) (3.55) 
tc = f(Os, ()T) -+ f(lt) (3.64) 
it = f(r, Os,fh) -+ f(Jt) (3.65) 
{3 = f(tc , iJ) -+ f(lt) (3.66) 
PNet - f(rt, z, Pc, Os, OT, OTo) -+ f(Jb , lt) (3.49) 
Paone - Jh, Pc, Os, OT, OTo) -+ f(Jb, lt) (3.50) 
Pcha.rge - f(PNet, Paone) -+ f(Jb , lt) (3.48) 
Pcross = f(Pc ha.rge) -+ f(Jb , Jt) (3.46) 
Fkw - f(PGross) -+ f(Jb, lt) (5.17) 
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The equations that are simple functions of plant data and/ or equipment specifications are: 
Equation 
Leone (3.52) 
RP Mcritical (3.57) 
tPJcs (3.58) 
Nm (3.59) 
N (3.60) 
Pxm (3.17) 
Jpm (5.11) 
Jp (3.9) 
Jpo (3.12) 
Jpg (3.9), (3.10) & (3.12) 
Sxm (3.20) 
dxm (3.18) 
PNoLoad (3.47) 
The mill inventory estimates from mill powerdraw data are determined by the solution 
of Equation (5.17) which determines values for the total charge level (Jt) and ball charge 
level (Jb) such that the calculated mill powerdraw, Poross, equates with the actual mill 
powerdraw MVkw, and therefore satisfying the residual equality (Fkw = 0). 
Fkw = MVkw - Poross = 0 (5.17) 
Fkw = mill powerdraw residual function (kW) 
MVkw = mill powerdraw measurement (kW) 
Estimates from Mill Weight 
A second residual, similar to Equation (5.17), can be obtained by the utilisation of several 
mill weight equations which will now be introduced. Since the material in the inactive 
part of the charge is in 'freefall ' and forms a poorly defined surface, the mill weight may 
be approximated by the summation of the mill shell weight and the weight of the material 
in the charge kidney (the active portion of the mill charge resting on the mill shell and 
forming a surface that is more easily defined), refer to Figure 5.3. The weight ofthe kidney, 
Mkidney 1 is the product of the kidney density, Pkidney, and volume, Vkidne11 , 
Mkidney = Vkidney Pkidney 
The volume of the kidney is 
vkidney = 7r Lm (rm 2 - ri2) (2 7r- OT + Os) 
27r 
(5.18) 
(5.19) 
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Assuming kidney density is equal to the charge density, see Equation (3.61), i .e., 
Pkidney = Pc (5.20) 
the kidney mass (Mkidney) may be calculated. 
The dependence of Equations (5.20) and (5.19) on ()T, Os, ri and Pc, introduces the func-
tional dependence on Jt and Jb and also the 'over-lap' with the independent powerdraw 
estimates. The additional equations for the estimates of mill inventory based on mill weight 
are all implicit functions of ball charge level (Jb) and/ or total charge level {Jt) and are 
listed below: 
Equation 
Pkidney - f(Pc) --t f(Jb, Jt) (5.20) 
vkidney - f(ri, Os, ()T) --t f(Jt) (5.19) 
Mkidney - f(Vkidney , Pkidney) --t f(Jb, Jt) (5.18) 
Fweight = f(Mkidney) --t f(Jb, Jt) (5.21) 
The mill inventory estimates from mill weight data are determined by the solution of 
Equation (5.21) which determines values for Jt and Jb that equate the calculated mill 
weight, Mshell + Mkidney 1 with the actual mill weight measurement MVweight and therefore 
satisfying the mill weight residual equality (Fweight = 0). 
Fweight = MVweight- M shell - Mkidney (5.21) 
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In Chapter 7 the uncertainty in the mill inventory estimates from mill powerdraw and mill 
weight is analysed and assessed. Potential now exists to utilise the SAG mill volumetric 
charge inferential measurements as a measure of SAG mill performance and an indication 
of the prevailing conditions within the mill. Control objectives and strategies could be 
formulated incorporating these measurements. 
5.1.4 SAG Mill Total Feed 
Solids Balance 
The solids component of the SAG mill total feed (SMTF/smtf) is estimated by the 
inversion of the steady state perfectly mixed mill model, Equation (3.2). Rearranging 
terms yields, 
i-1 
fi = Pi - L TjSjaij + (1 - aii)riSi 
j=l 
The estimate of total feed to the SAG mill, SMTFjsmtf, is determined as follows: 
(5.22) 
(a) the mill product, Pi , and mill rock charge, Si , are known from Steps 1 and 2, respec-
tively 
(b) assuming a ball charge size distribution and using the rock charge and ball charge 
information from Steps 2 and 3, allows the determination of th~ specific comminution 
energy, Ecsi, the breakage parameter, t1oi , and the appearance function, aij, refer 
to the Consumption and Generation section of Chapter 3 (Section 3.3.1) 
(c) the breakage rate function, r i, is determined from the ball charge information from 
Step 3 and the estimate of the recycle ratio of -20 + 4 rom material from the previous 
time step, again refer to Section 3.3.1 
(d) using the information from (a) to (c), the total feed estimate, /i, is determined by 
solving Equation (5.22) 
The use of the steady state perfectly mixed mill model is valid since the mill charge and 
discharge estimates are determined from the prevailing operating conditions regardless of 
whether the mill contents are increasing, decreasing or at steady-state. A valid estimate 
of the total mill feed is possible providing the calculation time between the discharge and 
charge estimates and the total mill feed estimate is relatively short. 
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Water Balance 
SAG mill total feed water is determined by the steady state balance for the water: 
Water In = Water Out 
The water entering the mill is equal to the water in the SAG mill discharge stream, deter-
mined in Step 1. 
5.1.5 Oversize Crusher Product and Primary Cyclone Underflow 
The estimate of the oversize crusher product, OSCP/oscp, is determined by applying the 
crusher model, as detailed in Section 3.3.3, to the estimate of the oversize crusher feed, 
OSCFfoscf, determined in Step 1. 
The estimate of the primary cyclone underflow, PCUFfpcuf, is determined by applying 
the cyclone model, as detailed in Section 3.3.2, to the estimate of the primary cyclone feed, 
PCFDfpcfd, determined in Step 1. 
The primary cyclone overflow, PCOFfpcof, may also be estimated by applying cyclone 
model to the primary cyclone feed. The cyclone overflow stream is a slurry of fine particles. 
Particle size measurement technology for such streams is well developed, there are instru-
ments available on the market that use either ultrasound, laser diffraction or physical size 
measurement. Inferential measurement of slurries of fine particles is an alternative to these 
direct measurements. Focus on the inferential measurement of the cyclone overflow size 
distribution is outside the scope of this research. However, it is interesting to note that 
a cyclone model has been utilised, in conjuntion with cyclone feed flowrate and density, 
cyclone underflow angle and overflow density, in an inferential measurement model of the 
percent passing 75 11-m size of the cyclone overflow (Smith and Swartz, 1999). 
5.1.6 SAG Mill Fresh Feed 
The estimate of the SAG mill fresh feed (the new feed from the stockpile) , SMFFfsmf j, 
is determined by subtracting (from the SAG mill total feed SMTF/smtj), the SAG feed 
water addition, the estimate of the oversize crusher product, OSCP/oscp, and the recycled 
. ·-·-·- -·- -------------
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component of the primary cyclone underflow, ( 1 - PC split) · PCU F & pcuf: 
SMFFtph s = SMTFtph s - OSCPtph s - ( 1 - PCsplit )PCUFtph s (5.23 
- - - -
SMFFtph_l = SMTFtph_l - OSCPtph_l - ( 1 - PCsptit) PCUFtph_t - MVFD_H20 SG 
(5.24 
smff _ SMTFtph s smtf - OSCPtph s oscp- ( 1 - PCsplit) PCUFtph sPcuf 
where 
SMFFtph_s 
SMFFtph 1 
smff 
SMTFtph_s 
SMTFtph_l 
smtj 
sa, 
- SMTFtph_s - OSCPtph_s - ( 1 - PCsplit) PCUFtph_s 
-
= 
SAG mill fresh feed solids feedrate (t/ hr) 
SAG mill fresh feed liquid feedrate (t/hr) 
SAG mill fresh feed size distribution (weight retained) (%re-
tained, w jw) 
SAG mill total feed solids feedrate (t/hr) 
SAG mill total feed liquid feedrate (t/hr) 
SAG mill total feed size distribution (weight retained) (%re-
tained, wj w) 
= process water specific gravity (tj m3) 
The additional measured variables, model parameters, or, assumptions are as follows: 
Measured Variable SAG mill feed water addition flowrate measured variable 
(m3 / hr), MVFD_H20· 
Model Parameter Primary cyclone underflow split proceeding to the ball mill, 
PC split 
(5.25 
If PC split is the fraction of PCU F fed to the ball mill, the fraction to recycled to the SAG 
mill is ( 1 - PC split ) . 
• In the steady state model, PCsplit is a specified operating parameter. 
• In the inferential model, PCsp!it is a specified operating parameter. 
• In the state estimation model, PCsplit can be detemined from mass balance, or can 
be a specified operating parameter. 
Fresh Feed Passing Sizes 
The estimate of the SAG mill fresh feed eighty percent passing size, Fso, is determined by 
interpolation of the estimate of the size distribution, smf f, at the 80% mark. Similarly, 
the sixty, forty and twenty percent passing sizes (F6o, F4o & F 2o) can be det ermined. 
- - --·-····--.. -·----------------
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Potential now exists to utilise the SAG mill fresh feed size inferential measurements as 
a measure of crusher or blasting performance and of feed size disturbances reporting to 
the mill.The fresh feed solids inferential measurement could be utilised for metallurgical 
accounting purposes. Control objectives and strategies could be formulated incorporating 
these measurements. 
5.2 Model Validation- Simulation and Reference Data 
The inferential model results have two reference points for comparison: 
1. The simulation model results 
2. The reference data from the plant survey 
The following results assessment is once again on a comparative basis. Appendix C contains 
the reference data, simulation results and the inferential model results in full. Specifically: 
Table C.l - Table C.4: Reference Data (Stream Properties and Size Dis-
tribution) 
Table C.5 - Table C.8: Simulation Model (Stream Properties and Size 
Distribution) 
Table C.9- Table C.l2: Inferential Model (Stream Properties and Size 
Distribution) 
Figure C.l - Figure C.8: Graphical representation of all stream size distri-
bution data for the Reference Data, Simulation 
Model and Inferential Model. 
5.2.1 Inferential- Simulation Comparison 
Table 5.1 through Table 5.4 show the comparative error between the inferential model 
results and the simulation model results. For brevity, Stream Properties results only are 
shown here. Appendix C contains the inferential and the simulation results in full. 
Table 5.1 contains the results for the "front-end" of the primary grinding circuit and Ta-
ble 5.2 contains the results for the "back-end" of the primary grinding circuit. Generally, 
the agreement is acceptable with most of the results exhibiting errors of < 5%. There are 
a number of results which exhibit errors significantly larger: 
• The oversize crusher feed (OSGF) and product (OSGP) exhibit ~ 18% error in 
the water flow. These are essentially dry streams. Therefore, small differences in 
flowrates correspond to larger relative errors. 
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• A number of the eighty percent passing size (Pao) results show significant deviation 
from the simulation model information. These deviations are attributed to interpo-
lation errors combined with minor model approximations, discussed in Section 3.4. 
Furthermore, the results comparison is to the simulation model results which con-
tained there own errors. With respect to the reference data the results comparison 
of many streams improved. Also, the error levels are of the same order of magnitude 
as the steady state circuit validation results, Table 3.11 and Table 3.12. Considering 
these points, the Pao results are considered acceptable. 
Table 5.3 contains the results for the "front-end" of the secondary grinding circuit and 
Table 5.4 contains the results for the "back-end" of the secondary grinding circuit. Here 
the level of agreement is lower than the for the primary circuit and there is also more 
"spread" in the results. These features are due to the propagation of errors from upstream 
information combined with model parameter influences, namely, model parameters being 
selected on the basis of achieving satisfactory internal stream results and good grinding 
circuit output stream (secondary cyclone overflow) results. Further points of discussion 
are: 
• The Pao remarks above also apply here. 
• The "dry stream" comments above apply for the ball mill screen oversize (BSOS) 
here. 
• Water results throughout the secondary survey are strongly influenced by the recy-
cling water in the secondary cyclone underflow (SCU F) stream which is a result of 
model parameter selection. 
• Ball mill powerdraw and secondary cyclone pressure estimates display good agree-
ment. 
5.2.2 Inferential- Reference Comparison 
Table 5.5 through Table 5.8 show the comparative error between the inferential model 
results and the reference data. Again, Stream Properties results only are shown here for 
brevity. Appendix C contains the reference data and the inferential model results in full. 
As in the inferential model versus simulation model results comparison above, the agree-
ment displayed here is acceptable. The stream comparison results for the primary grinding 
circuit here, Table 5.5 and Table 5.6, are comparable to those of the previous comparison. 
Differences appear in the oversize crusher feed, OSCF, and product, OSCP, streams. The 
points raised regarding the predominantly solid streams apply here. 
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Table 5.1: Inferential v Simulation: Primary Circuit- SAG mill 
Stream 
i Properties SMFF OSCP SMTF SMRC SMDC 
tph_s 0.1 0.0 0.1 5.1 0.0 
1 tph_l 3.9 18.0 0.2 29.4 0.1 
I tph_p 0.1 0.0 0.1 6.1 0.0 
%s wjw 0.1 0.0 0.0 1.0 0.0 
I %1 wjw 3.7 18.0 0.1 21.9 0.1 
I m3ph_s 0.1 0.0 0.1 5.1 0.0 
I m3ph_l 3.9 18.0 0.2 29.4 0.1 
m3ph_p 0.3 0.0 0.1 7.7 0.0 
I %s v/v 0.2 0.0 0.1 2.4 0.0 
I %1 vjv 3.6 18.0 0.1 20.1 0.0 
I SGp 0.1 0.0 0.0 1.4 0.0 
I Pso 25.2 38 27.1 65 3.1 
I Power 0.0 
1 Pressure 
Table 5.2: Inferential v Simulation: Primary Circuit- Screen/Crusher/ Cyclones 
Stream 
I P . ropert1es SMDC OSCF OSCP PCFD PCUF PCOF 
tph_s 0.0 0.0 0.0 0.0 3.0 13.4 
I tph_I 0.1 18.0 18.0 0.0 0.0 0.0 
I tph_p 0.0 0.0 0.0 0.0 2.2 3.0 
I %s wj w 0.0 0.0 0.0 0.0 0.9 10.1 
%1 wjw 0.1 18.0 18.0 0.0 2.2 2.9 
I m3ph_s 0.0 0.0 0.0 0.0 3.0 13.4 
1 m3ph_l 0.1 18.0 18.0 0.0 0.0 0.0 
I m3ph_p 0.0 0.0 0.0 0.0 1.5 1.3 
%s vjv 0.0 0.0 0.0 0.0 1.6 11.9 
I %1 v/v 0.0 18.0 18.0 0.0 1.5 1.3 
I SGp 0.0 0.0 0.0 0.0 0.7 1.7 
1 Pso 3.1 54 38 51 47 1.0 
I Power 3.9 
I Pressure 0.0 
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Table 5.3: Inferential v Simulation: Secondary Circuit - Ball mill/ Screen 
Stream 
Properties PCUF SCUF BMFD BMDC BSOS BSUS 
tph_s 3.0 1.5 1.7 1.7 19.7 1.8 
tph_l 0.0 0.1 0.1 0.1 0.1 0.1 
tph_ p 2.2 1.1 1.2 1.2 19.6 1.3 
%s wjw 0.9 0.4 0.5 0.5 0.2 0.5 
%1 w f w 2.2 1.0 1.2 1.2 16.4 1.2 
m3ph_s 3.0 1.5 1.7 1.7 19.7 1.8 
m3ph_l 0.0 0.1 0.1 0.1 0.1 0.1 
m3ph_p 1.5 0.8 0.9 0.9 19.2 0.9 
%s v/v 1.6 0.7 0.9 0.9 0.4 0.9 
%1 v/ v 1.5 0.7 0.8 0.8 16.2 0.8 
SGp 0.7 0.4 0.4 0.4 0.2 0.4 
Pso 47 0.5 7.7 0.4 47 0.4 
Power 0.0 
Pressure 
Table 5.4: Inferential v Simulation: Secondary Circuit - Cyclones 
Stream 
Properties BSUS PCOF SCFD SCUF SCOF 
tph_s 1.8 13.4 1.3 1.5 0.4 
tph_ l 0.1 0.0 0.0 0.1 o.o I 
tph_p 1.3 3.0 0.8 1.1 0.1 
%s wjw 0.5 10.0 0.5 0.4 0.2 
%1 w/ w 1.2 2.9 0.8 1.0 0.1 
m3ph_s 1.8 13.4 1.3 1.5 0.4 
m3ph_l 0.1 0.0 0.0 0.1 0.0 
m3ph_ p 0.9 1.3 0.5 0.8 0.1 
%s vfv 0.9 11.9 0.8 0.7 0.3 
%1 v/ v 0.8 1.3 0.5 0.7 0.1 
SGp 0.4 1.7 0.4 0.4 0.1 
P so 0.4 1.0 0.5 0.5 0.5 
Power 
Pressure 1.3 
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Table 5.5: Inferential v Reference: Primary Circuit - SAG mill 
- - - -
Stream 
Properties SMFF OSCP SMTF SMRC SMDC 
tph_s 0.1 0.1 0.0 5.1 0.0 
tph_l 3.9 25.1 0.1 29.4 0.1 
tph_p 0.1 0.1 0.0 6.1 0.0 
%swjw 0.1 0.0 0.0 1.0 0.0 
%1 wjw 3.7 25.0 0.1 21.9 0.1 
m3ph_s 0.1 0.1 0.0 5.1 0.0 
m3ph_l 3.9 25:1 0.1 29.4 0.1 
m3ph_p 0.3 0.1 0.1 7.7 0.1 
%svjv 0.2 0.1 0.1 2.4 0.1 
%1 vjv 3.6 25.0 0.1 20.1 0.1 
SGp 0.1 0.0 0.0 1.4 0.0 
Pso 25.2 10.8 27.1 65 1.0 
Power 2.1902 
Pressure 
Table 5.6: Inferential v Reference: Primary Circuit- Screen/ Crusher/ Cyclones 
Stream 
Properties SMDC OSCF OSCP PCFD PCUF PCOF 
tph_s 0.0 0.1 0.1 0.0 3.0 13.2 
tph_l 0.1 25.1 25.1 0.1 0.0 0.1 
tph_p 0.0 0.1 0.1 0.0 2.2 2.9 
%s wjw 0.0 0.0 0.0 0.0 0.9 10.0 
%1 wjw 0.1 25.0 25.0 0.0 2.2 2.9 
m3ph_s 0.0 0.1 0.1 0.0 3.0 13.2 
m3ph_l 0.1 25.1 25.1 0.1 0.0 0.1 
m3ph_p 0.1 0.1 0.1 0.1 1.5 1.2 
%s v/v 0.1 0.6 0.6 0.0 1.6 11.9 
%1 vjv 0.1 25.0 25.0 0.0 1.4 1.3 
SGp 0.0 0.0 0.0 0.0 0.7 1.7 
Pso 1.0 1.3 10.8 3.3 0.8 34 
Power 1.4 
Pressure 0.3 
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Table 5. 7: Inferential v Reference: Secondary Circuit - Ball mill/ Screen 
Stream 
Properties PCUF SCUF BMFD BMDC BSOS BSUS 
tph_s 3.0 1.4 1.6 1.6 15.2 1.7 
tph_l 0.0 45 36 36 34 34 
tph_p 2.2 8.7 7.1 7.1 15.3 7.0 
%swj w 0.9 9.3 8.1 8.1 0.1 8.1 
%lw/w 2.2 33 27.0 27.0 16.5 25.6 
m3ph_s 3.0 1.4 1.6 1.6 15.2 1.7 
m3ph_l 0.0 45 36 36 34 34 
m3ph_p 1.5 18.3 15.0 15.0 15.5 14.7 
%s vf v 1.6 16.6 14.5 14.5 0.3 14.3 
%1 v/v 1.4 22.2 18.2 18.2 16.3 17.16 
SGp 0.7 0.3 0.3 0.3 0.1 0.4 
Pso 0.8 41 43 34 118 33 
Power 10.0 
Pressure 
Table 5.8: Inferential v Reference: Secondary Circuit - Cyclones 
Stream 
Properties BSUS PCOF SCFD SCUF SCOF 
tph_s 1.7 13.2 1.2 1.4 0.3 
tph_l 34 0.1 20.4 44.6 0.1 
tph_p 7.0 2.9 6.1 8.7 0.1 
%swfw 8.1 10.0 6.9 9.3 0.2 
%1 wj w 25.6 2.9 13.5 33 0.1 
m3ph_s 1.7 13.2 1.2 1.4 0.3 
m3ph_ l 34 0.1 20.4 45 0.1 
m3ph_p 14.7 1.2 11.3 18.3 0.1 
%s vjv 14.3 11.9 11.2 16.6 0.2 
%1 vf v 17.1 1.3 8.2 22.2 0.0 
SGp 0.4 1.7 0.3 0.3 0.0 
Pso 33 34 32 41 49 
Power 
Pressure 0.6 
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As mentioned above, many of the errors in the eighty percent passing sizes in this com-
parison are less than those for the Inferential - Simulation model comparison. This is due 
to a degree of independent model fitting of the inferential models to the reference data. 
That is, the inferential models were tuned to match the reference data rather than the 
simulation model results. 
The secondary grinding circuit results, Table 5. 7 and Table 5.8, exhibit noticeably larger 
deviations. Model parameters in the secondary circuit were (manually) adjusted to obtain 
the best results for the secondary cyclone overflow, SCOF, which represents the product 
of the grinding circuit whilst maintaining a satisfactory secondary grinding circuit solids 
mass balance. Errors present in the secondary cyclone underflow, SCU F, are "recycled" 
through the ball mill, the ball mill screen and once again to the secondary cyclones. This 
recycling of error strongly influenced the secondary grinding circuit water balance. 
Overall the agreement displayed between the inferential model and the reference data and 
the simulation model results was deemed sufficient for the inferential model to be considered 
valid. FUrther model validation would be required prior to, or, at an implement ation stage. 
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5.3 Summary 
In this Chapter, inferential models of the SAG mill inventories, SAG mill fresh feed rate 
and size distribution and SAG mill discharge rate and size distribution have been pre-
sented. Each model was programmed into the MATLAB-Simulink environment and vali-
dated against steady state industrial plant survey data, see Appendix C. 
These models are innovations of this research, as summarised in Table 5.9. Further model 
validation is recommended at or prior to an implementation stage. 
Table 5.9: Chapter 5 Innovation Summary 
Section Innovation 
The development of inferential models of: 
Section 5.1.1 • SAG mill discharge rate and size distribution- Equations (5.7) to (5.9) 
Section 5.1.2 • SAG mill rock charge and size distribution - Equations (5.13), (5.14) 
& (5.16) 
Section 5.1.3 • SAG mill inventory levels- Equations (5.17) & (5.21) 
Sectipn 5.1.4 • SAG mill total feed rate and size distribution- Equation (5.22) 
Section 5.1.6 • SAG mill fresh feed rate and size distribution - Equations (5.23) to 
(5.25) 
Chapter 6 
Inferential Model Error and 
Sensitivity Analyses 
The inferential models developed in Chapter 5 for the SAG mill discharge rate and sizing, 
the SAG mill inventories and the SAG mill fresh feed rate and sizing were demonstrated to 
be valid in that they showed good agreement with the reference data and the simulation 
model results. In this Chapter an analysis of the errors in the the inferential models is 
presented. The influence of uncertainties in the parameters on the model uncertainties 
is also analysed. These analyses required the symbolic (algebraic) manipulation of the 
inferential models. To facilitate this the inferential models were coded into Maple V Release 
5.1. 
6.1 Error Propagation 
The general formula for error propagation (Taylor, 1982) for a function in several variables 
is: 
6f = 
where 
f 
ei 
8f 
80i 
N 
{: (;~ 8ei) 2 
i= l 
-
-
-
-
a general function 
i th model parameter in error/ sensi ti vi ty analysis 
uncertainty in f 
uncertainty in ei 
number of parameters 
161 
(6.1) 
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Here it is assumed that the parameter uncertainties are independent, random and normally 
distributed. Utilising a given level of confidence in the parameter uncertainties, MJ, trans-
lates to a corresponding level of confidence in the estimate of the function uncertainty, of. 
If the parameter uncertainty utilised is one standard deviation of the error in the parame-
ter, <Jfh then the estimated error in the function represents one standard deviation, <J1 , see 
Equation (6.2) . 
N ( 8f )2 
(J f = '\ I L 8(}. (J ()i 
i=l t 
(6.2) 
It follows then that if the parameter uncertainty utilised is six ( 6) standard deviations of 
the error in the parameters, 6 <J(), - a 99% confidence interval, than the estimated error in 
the function also represents six standard deviations, 6 <J 1. 
The data and parameters associated with the inferential models developed in this re-
search were available only in single-value form which required the estimation of their un-
certainty. The uncertainty estimates were determined on a 99% confidence interval basis, 
i.e., ± 3ae, . Utilising this level of parameter uncertainty in Equation (6.2), and assuming 
no parameter-interdependence, yields an estimate of the uncertainty in f also with a 99% 
level of confidence, i.e., ± 3<Jt· 
Prior to detailing the results of the uncertainty and sensitivity analyses, recall the inferen-
tial model calculation sequence described in Chapter 5 which is summarised as follows: 
Estimate the, 
1. the oversize crusher and primary cyclone feed streams 
2. SAG mill discharge stream estimate 
3. SAG mill rock charge 
4. SAG mill total and ball volumetric loads 
5. SAG mill total feed stream 
6. SAG mill fresh feed stream 
This calculation sequence means that parameters in Step 1 influence the results of the 
ensuing Steps. Additional parameters introduced in the intermediate Steps, whilst having 
no bearing on the preceding Steps, influence the results of remaining Steps. 
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Parameters were selected and analysed on an inferential model case by case basis, namely: 
1. SAG mill total and ball volumetric loads, 
2. SAG mill discharge sizing, and, 
3. SAG mill fresh feed sizing 
Results for Cases 1 through 3 are presented in Sections 6.2 through 6.4, respectively. 
6.2 SAG Mill Charge Estimates 
Recall from Section 5.1.3 the residual equations which constitute the inferential models for 
the SAG mill total charge and ball charge volumetric filling, lt and Jb, respectively: 
Fkw = MVkw - Pcross = 0 
Fweight = MVweight - Mshell - Mkidney = 0 
where 
Fkw 
Fweight 
MVkw 
MVweight 
Mshell 
Mkidney 
P cross 
= 
= 
-
-
-
= 
= 
mill power draw residual function (kW) 
mill weight residual function (t) 
mill power draw measurement (kW) 
mill weight measurement ( t) 
mill shell weight ( t) 
calculated mass of active fraction of mill charge ( t), see Equa-
tion (5.18) 
calculated mill power draw (kW), see Equation (3.46) 
(6.3) 
(6.4) 
The inferential mill charge level models, Equations (6.3) and (6.4) are functions of the 
volumetric filling fractions and a number of parameters() (recall the constituent equations 
of these residuals, Section 3.3.1 and Section 5.1.3, and the functional dependancy analysis, 
Section 5.1.3), and hence may be written as follows: 
Fkw = / ( lt, Jb , 0) 
Fweight = !( lt, Jb, 0) 
(6.5) 
(6.6) 
If each of the parameters, e, are specified, both Equation (6.5) and (6.6) reduce to a function 
of two unknowns, Jb and lt, which may be solved by the application of a constrained 
nonlinear optimisation technique1. 
1e.g., fmincon function in the MATLAB optimisation toolbox 
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The results, figures and discussion of this Section draw extensively from those presented 
by the author and colleagues in the Minerals Engineering journal (Apelt et al., 2001). 
An analysis was conducted on Equations (6.5) and (6 .6) .and on another two equivalent 
residual equations that utilise, as their basis, mill power draw and mill weight models from 
another recognised source (JA Herbst and Associates) . The paper concluded that while 
each equation could be utilised to estimate the total charge and ball charge volumetric 
filling fractions, 1t and J11, respectively, the most dependable (least uncertain) results were 
those obtained from the weight residual, Equation (6.6). Despite this conclusion, the power 
draw residual, Equation (6.5), will be included in the analysis here due to its utilisation in 
the SAG mill model for estimating the mill power draw and to provide a contrast to the 
analysis of the mill weight residual. The charge estimate results from the other source (JA 
Herbst and Associates) will not be further analysed here. 
Table 6.1 contains the solutions of the constrained nonlinear optimisation for Equations 
(6.5) and (6.6), which show good agreement with the nominal conditions (shown in brack-
ets). 
Table 6.1: Total CJt) and Ball (Jb) Charge Level Estimates 
Inferential Error I 
Measurement Model Value wrt actual I 
(actual) (vol. fraction) (%) 
Jt Fkw 0.230 o.o I 
(0.230) F weight 0.233 1.3 ! 
Jb Fkw 0.133 6.5 I 
(0.142) Fweight 0.145 1.8 
' 
Figure 6.1 depicts the contours (solutions) of Equation (6.5) and (6.6) with the point 
results from Table 6.1 indicated. Significant lengths of the contours lie in the feasible 
region bounded by: 
Jb ::s; 1t (ball charge can never be greater than total charge), and, 
Jt = 0.36 (maximum charge before the mill contents begin to block the feed trun-
nion). 
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The point estimates show good agreement with the nominal conditions. However, the 
contours illustrate that there is a range of solutions that are feasible. Therefore, the 
uncertainty of the point estimates requires assessment. 
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Figure 6.1: Inferential Model Contours 
6.2.1 Sensitivity Analysis 
If we define the .U term in Equation (6.1) as the sensitivity of the charge estimate to a 
given parameter, then the sensitivity can be determined by applying the Differentiation of 
Composite Function rule to Equation (6.5) and (6.6) . The Differentiation of Composite 
Function rule is as follows (Perry et al. , 1984) 
Given Fi(Jt, Jb, Oj) = 0 then (for 8Fif8Jk :/: 0) , 
8Jk 
80j 
8Fif8Bj 
8F;.f8Jk (6.7) 
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where 
l = kW or weight = residual indicator, i.e., Equation (6.5) or 
(6.6), respectively 
j = 1 . .. 17 = parameter indicator 
k = tor b = estimate indicator, i.e., total charge or ball charge, 
respectively 
Seventeen (17) parameters, Bj, were considered in the sensitivity analysis of the total charge 
and ball charge estimates. These parameters are listed in Table 6.2. The Value column 
lists the nominal value of the parameter. The Error and the % Error columns list the 
estimate of the error and absolute relative error in the parameter (to ~ 99% confidence), 
respectively. 
Table 6.2: Mill Charge Level Model Parameters, Bj 
j Parameter, Bj Value Error %Error 1 
1. k, Julius Kruttschnitt Mineral Research Centre mill 1.39 0.15 u I 
power draw lumped parameter (dimensionless) 
2. Dmill, mill diameter (m) 7.12 0.15 2 I 
3. Lmill, mill length ( m) 3.53 0.15 4 
4. Ocone, mill cone angle (0 ) 15 2.00 13 1 
5. Dt, mill trunnion diamter (m) 1.6 0.10 6 
6. RPM, mill speed (RPM) 12.014 0.50 41 
7. SGs, ore specific gravity (t/ m3) 2.65 0.10 4 
8. SGb, ball specific gravity (t/ m3 ) 7.80 0.20 3 1 
9. € , charge voidage (fraction) 0.4 0.015 4 . 
10. SMDCtph_s, mill solids throughput (tph) 252.1 10.00 4 I 
11. SMDC%swfw1 discharge density, (%sols w/ w) 75.93 3.00 4 
12. 1 , relative radial position of open area (fraction) 0.8031 0.05 6 1 
13. foag, discharge grate fractional open area (fraction) 0.179 0.02 11 
14. MV wt, mill weight measurement ( t) 176 10.00 6 
15. Mshell , mill shell weight (t) 64 5.00 8 
16. MV kW, mill power draw measurement (kW) 2800 200.00 7 
17. rn, relative radius of outermost grate (fraction) 0.972 0.028 3 
- ·--
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The sensitivity (absolute value) of the estimates to the parameters are shown in the fol-
lowing Figures, according to the following schedule: 
Figure No. Description 
(6.2) Ball charge level estimate from Fkw (Equation (6.5)) sensitivity 
(6.3) Ball charge level estimate from Fweight (Equation (6.6)) sensitivity 
(6.4) Total charge level estimate from Fkw (Equation (6.5)) sensitivity 
(6.5) Total charge level estimate from Fweight (Equation (6.6)) sensitivity 
These Figures draw attention to the following parameters on account of the charge estimate 
sensitivities: 
j Oj Description 
1 k Julius Kruttschnitt Mineral Research Centre mill power 
draw lumped parameter (dimensionless) 
2 Dmill mill diameter (m) 
3 Lmill mill length (m) 
9 € charge voidage (fraction) 
12 I relative radial position of open area (fraction) 
13 foag discharge grate fractional open area (fraction) 
The sensitivity results for several parameters are zero or effectively zero. This is due to 
one or a combination of the following: 
a) the parameter was included in the analysis in anticipation of it being relevant to the 
ensuing inferential model Steps 
b) the parameter was included to investigate its importance in the estimates 
c) the 8Fif8Jk term in Equation (6.7) is very much larger than the 8Fif80j term 
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The sensitivity results in each Figure cannot be compared directly since each (bar chart) 
bar has its own units (mill fraction per [parameter unit]). Although an intermediate 
step in the error analysis, the sensitivity analysis for the mill charge level estimates are 
included in this Section for the following reasons: 
• The relative importance of the parameters differs markedly between the sensitivity 
analysis and the error analysis (discussed in Section 6.2.2). Inclusion of the sensitivity 
analysis results aids the illustration of this point. 
• The (bar chart) bars can be compared between figures (for a specific parameter) 
since the units are consistent in this case. Inspection of the four figures reveals that 
the sensitivity results are generally of the same order of magnitude except for the 
sensitivities in Figure 6.4 - the total charge estimate from the power draw residual 
(Equation (6.5) ). FUrther discussion of this point will take place in the error analysis 
in Section 6.2.3. 
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6.2.2 Error Analysis 
Equation (6.1) was applied to each of the inferential models, Equations (6.5) and (6.6) to 
estimate the uncertainty in the mill inventory estimates obtained from them, i.e., 
8Jk,i -
where 
8Jk,i 
t (aJk:i &oj)2 
j=l [)(}J 
the uncertainty in charge estimate J~:; obtained when using 
residual Equation i 
8Bj = uncertainty in ()j 
~ = the sensitivity of charge estimate J~c to parameters Bj 
1 
N = total number of parameters (17) 
(6.8) 
Table 6.3 contains the results for the error analysis. Overall, the uncertainty in the es-
timates is acceptable (::; 33%). However, despite good agreement between estimate and 
the nominal condition, the total charge estimate ( Jt) from the power draw residual, Equa-
tion (6.5), contains a high level of uncertainty(> ± 180%). 
Table 6.3: Mill Charge Estimate Uncertainty Analysis Summary 
Inferential Error Uncertainty 
I 
Measurement Model Value wrt actual absolute relative 
(actual) (vol. fraction) (%) (vol frac) (%) 
Jt Fkw 0.230 0.0 0.42 181 
(0.230) Fweight 0.233 1.3 0.06 26 
h Fkw 0.133 6.5 0.04 33 
(0.142) Fweight 0.145 1.8 0.04 26 
-- ---- -- -- -- -- --- --
-
-- --
-- ---- ~ 
- -----
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The findings lead to the following conclusions: 
1. Despite good agreement, the total charge level estimate {Jt) from the power draw 
model, Equation (6.3), contains a high degree of uncertainty. 
2. The power draw model, Equation (6.3), yields a good ball charge level estimate (Jb) 
with reasonable certainty. 
3. The weight model, Equation (6.4), gives good estimates of both the total charge 
level {Jt) and ball charge level ( Jb) with reasonable certainty and is therefore the 
recommended model for charge estimation. 
The seventeen (17) parameters considered in this analysis are a subset of the large number 
of parameters available for consideration. The parameters were selected drawing from 
industrial experience and simulation model familiarity. Analysis of a comprehensive set of 
parameters would generate a prohibitively large problem. The results presented here are 
therefore estimates of the uncertainty only. 
Relative Contribution to Estimate Errors 
If the relative contribution to the estimate error, RCE, is defined as the relative contribu-
tion that the uncertainty in a parameter makes to the uncertainty in a charge estimate, then 
RCE may be utilised to assess the relative influence a parameter has on the uncertainty 
of a charge estimate. According to this definintion, RC E is calculated as follows: 
RCEi,j,k = 
where 
RCEi,j,k 
2 (~ 60;) ·100% 
"!'! (~ 60;) 2 L..,J=l 80; 
= relative contribution that uncertainty in parameter 0; makes 
to the Jk charge estimate uncertainty when utilising residual 
Equation (i) (%) 
(6.9) 
The relative contribution to estimate error (RCE) was determined for charge estimate 
uncertainties given in Table 6.3. The results are presented graphically in Figures (6.6) to 
(6.9) according to the following schedule: 
Figure No. 
(6.6) 
(6.7) 
(6.8) 
(6.9) 
Description 
Ball charge estimate from Fkw (Equation (6.5)) error analysis 
Ball charge estimate from Fweight (Equation (6.6)) error analysis 
Total charge estimate from Fkw (Equation (6.5)) error analysis 
Total charge estimate from Fweight (Equation (6.6)) error analysis 
Chapter 6. Inferential Model Error and Sensit ivity Analyses 173 
~ 
-~ 
-;/ 
a 
c: 
·§ 
~ 
s 
CJ) 
·~ 
£ 
-
* ~ 1: 
C) 
·a; 
:!;: 
";d.&J 
a 
.~ 
~ 
=-c: 
8 
.~ 
.... 
ctl Q) 
a: 
so~~~~--~~~--~~~~--~~~--~~~--~ 
. . 
.. - ~ - - .. ... . . .. . . .. ·:· ·· •• •• • • • • • • • • ••• • j. . . .. . . . . 
. . 
. . 
. . 
. . 
. . 
--:--·-· · ·· - ··· ··:····· .. .. ·· ··· . .. ··- ·'·· ·· 
. . 
. . 
. . 
. . 
. . 
. . . 
.. ........ . . · -· · . ... ... .. . . . . .. . . ... ... . .... .. ... .. . . . . 
. . . 
. . . 
. . . 
. . . 
. . . 
. . . 
I I I 0 
. - :· .. . . .. .. . - .. . - .. .. ·:· .. . . . . .. ' . ... . . :- • . . ! . . .. ~ . ~ i· . 
. . 
. . 
. . 
. . 
. . 
. . ,. . .... ··-- .. ............ ... .. .. .... . .... .. ... . 
. . 
. . 
1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 
Parameters, 8. 
I 
Figure 6.6: Power draw Ball Charge Estimate Uncert ainty 
60 
55 .. . - . . .. .. -:- .. .. .. • . .. . - . . .. .. -~- .. .. . . i . . . ~ --: ... . . . . . 
. . . . 
. . 
. . 
50 . . . .. . .. ......... .. .. .. . . ... ...... . .. . . . . , ., .... . . . . 
. . . . 
45 . . . .. ......... . . . . . .. .. . . ..... . .. ... . . .. . . . 
. . 
. . 
. . 
. . 
40 ... .... ... . : .. ...... . ·-- - ··· -·=· ·· ·· ... . ·· ·· · 
. . 
. . 
. . 
35 . . . . . .. . . ..... . .. .... ... . ... ..... . ... .. . .. .. . ....... .... . . ,. , ... ... . .. . . . . . . . . . . . 
. . . . 
. . . . . . . 
0 I o 0 0 0 0 
30 . ... .. ... ...... . .. .. .. .. ...... ... . .. . . ....... .. ..... . . . , .. ,. . . . . . . 
. . . . . . 
. . . . . . 
0 0 0 I I I 
. . . 
25 . -- ~ - . - -<· .. -- .. -- .. .. --:-. ... . . . - ... . . . . 
. . . 
. . . 
20 
15 
10 
5 
1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 
Parameters, ei 
Figure 6.7: Mill Weight Ball Charge Estimate Uncertainty 
Chapter 6. Inferential Model Error and Sensitivity Analyses 174 
-~ 0 
-~ 
--.. 
tQ 
.9 
c 
0 
'§ 
.0 
·s 
~ 
Cl> 
> 
·.::; 
ro (i3 
a: 
~ 
-~ 
0> 
·a; 
~ 
-;a-
9 
-~ 
.B 
-~ 
8 
Cl> 
. £; 
ro 
03 
a: 
50 
45 . . ...... ... ... . ··· · ···· · ·· . . ....... .. .. ....... 
. . 
--:·· -- - .... .. --···:··· · ·· ·· ·:·- · -:·· ·· ·;- -· · 
. . . . . 
. . . . . 
. . 
. . 
. . 
. . . . 
..... -.. - .. -... . . ---- .. .. . . ........ ~ . . . . . ... ~ . ... . 
' ' . . 
. . . 
. . . 
. . . 
. . . 
. . . 
--:-- -·· ... .... --- --:· -· · · ··· · -:·- · ·· ....... . 
• • • • • • .. .. .. • • ... . · : · • • • • • • ~ • • • • • • 0 • • • • • • • • • "" . ·:· • • • • • • • • • •• 0 ·:- ~ •• 0 • • •• 
. . . 
. . . 
. . 
. . . 
. . . . 
. . . . 
-- .. . ................ . , ... . .................. ,....................... . ...... . 
. . 
. . 
. . 
. . 
. . 
. . . 
• - .. . . - - .. .. · : - -. .. • • • • • • • • • • ! • • • • • • • • •• •!• •• • 0 • ' . . • - ·. ·:· • • • 
I o 0 I 
0 I 0 I 
o I o o 
10 : • : : .. ···· · ... .. .. . ....... ... .. .. ........... .. . . . . 
. . 
. . 
. . 
. . 
5 ••• ·\ ~ •• • • :- 0 ••• _. •• • • •• ·- • ••• \ - · • 
1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 
Parameters, ei 
Figure 6.8: Power draw Total Charge Estimate Uncertainty 
60.-,-~--r-,-~--~~~--r-~~--r-~~--r-~~~ 
• • • ~ ••• -:-. • • • • • . • • .... - :- .. • . . • • . . . • • • . • . • • . .. . \ ... . -: - .•.. i .• .. i . ; 
I I 
0 0 
. . 
. . 
. . 
. . . 
- - · ... . ..... . . . . -·· · . ... ... . ....... . . ... .. l . .... . ... •• ••••••• • • ••• • •• 
. . . 
. . . 
. . . 
. . 
. . 
... · -- --·· ··- - .. .. . ...... .... ....... ··· ·· ................. ...... . 
. . . 
. . . 
. . 
. . 
. . 
.. ... .... ; . . . ...... -··· -:-- -· · . . .. . . . . .. ... - - · · · · ·· ·!····· .... . . . .. , . . .. . , .... 
I I I 0 I 
' ' . . . 
--. .... .... --. .. . .. -. . .. --.- ...... - . . . . ... . . . . . . . . . . . . . . . . ... . . . . . . . . . ~ 
. . . . . 
. . . . . 
. . . . . 
0 I I 0 o 
' . . . 
•• • •••••'••• o•L o o o o •o oo o *oooo o ooo- o•' •• Oo o o Oo o o o o o, ooooot,, ,,, , , ,, . o o 
I o I I ' ' '''''•!••·••:• T'' 
. . ' . 
. . . . 
. . ' ' 
o o 0 I 
.. . - --.. --:-.. -- ~ -... - .. -.. . -:-- . .. . . ·: . . . . . . . ~ . . ... ~ .. .. ~ .. .. \ .. .. ·~ ,, ... ·:· .. . 
' . . . 
I I 0 o 
. . . . 
. . ' . 
....... . ,. .. .. . , .... -······ ···· . . .. . , ... .. ... . 
. . . 
I I o 0 
0 I 0 0 
. . . 
0 0 I 0 
--- . --- ... . --- .-... -- .. ·- --. . . .. . . . . . . . . . . .. ,. ; ...... . ... . 
. ' . . 
I I o I 
: • : : 
. - ... --:-...... .. ·=· -... .... ... . ... <· ........ . 
··' ·· ···:···· 
. . 
. . 
. . 
. . 
. . 
..... ..... ... ... .... .. .. .... .... 
. . 
. . 
. . . 
. . 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Parameters, ei 
Figure 6.9: Mill Weight Total Charge Estimate Uncertainty 
Chapter 6. Inferential Model Error and Sensitivity Analyses 175 
On a residual by residual basis, a number of observations may be made regarding the error 
analysis results: 
Estimates from mill power draw, Equation (6.5) 
• The parameters that have the largest influence on the estimate uncertainties are: 
j (}j Description 
1 k Julius Kruttschnitt Mineral Research Centre mill power 
draw lumped parameter (dimensionless) 
2 Dmill mill diameter (m) 
6 RPM mill speed (RPM) 
16 MVkw mill power draw measurement (kW) 
• Julius Kruttschnitt Mineral Research Centremill power draw lumped parameter, k, 
contributes the highest relative amount of uncertainty, higher than the combination 
of the uncertainties from the mill diameter, Dmill , the mill speed, RPM and the mill 
power draw measurement, MV kW. 
• The parameters flagged in the sensitivity analysis that have little or no influence on 
the estimate uncertainties are: 
j ()j Description 
3 Lmill mill length (m) 
9 € charge voidage (fraction) 
13 fracoA discharge grate fractional open area (fraction) 
• The mill power draw measurement (MVkw) is an influential parameter. The sensi-
tivity analysis did not, however , highlight its importance. 
These observations lead to the following conclusions: 
• fitting of the power draw lumped parameter, k, should be conducted with due care 
since it accounts for ~ 50% of the uncertainty in the charge estimates. 
• the best available measurements of mill power draw, MVkw, and speed, RPM, 
should be utilised. 
• mill diameter, Dmw, should be measured at regular intervals to account for shell 
liner wear. 
• measurements of mill diameter, Dmm, could be supplemented by and utilised to tune 
a dynamic mill liner model, e.g., the model proposed in Chapter 5. 
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Estimates from mill weight, Equation (6.6) 
• The parameters that have the largest influence on the estimate uncertainties are: 
J (Jj Description 
2 Dmm mill diameter (m) 
3 Lmill mill length (m) 
14 MVwt mill weight measurement (t) 
15 Mshell mill shell weight ( t) 
• Mill weight measurement, MV wt, contributes the highest relative amount of uncer-
tainty, higher than the combination of the uncertainties from the mill length, Lmill, 
the mill diameter, Dmill and the mill shell weight, Mshell· 
• The parameters flagged in the sensitivity analysis that have little or no influence on 
the estimate uncertainties are: 
j Oj Description 
9 e charge voidage (fraction) 
12 rrpoA relative radial position of open area (fraction) 
13 fracoA discharge grate fractional open area (fraction) 
• The mill weight measurement (MVwt) and shell weight (Mahell) are influential pa-
rameters. The sensitivity analysis did not, however, highlight their importance. 
These observations lead to the following conclusions which echo those published elsewhere 
(Apelt et al., 2001a): 
• the best possible measurement of mill weight, MVwt, should be utilised. This require-
ment could help justify the installation of a load cell or bearing pressure measurement 
as an initial or secondary mill weight measurement. 
• mill diameter, Dmill, and mill length, Lmm, should be measured at regular intervals 
to account for shell liner wear. 
• measurements of mill diameter, Dmm, could be supplemented by and utilised to tune 
a dynamic mill liner model, e.g., the model proposed in Chapter 5. 
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Further to the sensitivity points raised in Section 6.2.1, comparison of the relative contri-
bution to the error (RCE) results and the sensitivity analysis (oJ/88) results illustrates 
how the relative importance of the parameters differs between the sensitivity analysis and 
the error analysis. 
For example, comparison of Figures 6.2 and 6.6 reveals that the sensitivity analysis of the 
ball charge estimate from the power draw residual did not highlight the importance of the 
mill power draw measurement towards the estimate uncertainty. 
Similarly, comparison of Figures 6.5 and 6.9 reveals that the sensitivity analysis of the 
total charge estimate from the weight residual did not highlight the importance of the mill 
weight measurement or mill shell weight towards the estimate uncertainty. 
These examples highlight the importance of utilising the relative contribution to the error 
( RC E) for assessment of parameter influence in estimate uncertainty. 
Whilst the relatively large sensitivities for the total charge estimate from the power draw 
residual are raised in discussion, in Section 6.2.3, the further utilisation of sensitivity 
assessment for the remaining inferential nmodels will not be pursued. 
6.2.3 Further Discussion 
Relative Contribution to the Error Similarities 
Inspection of the relative contribution to the error Figures reveals 
• Figures (6.6) and (6.8) are the same, and, 
• Figures (6.7) and (6.9) are the same. 
These similarities have a mathmatical explanation not detailed by Apelt et al. (2001a). 
Recall the Differentiation of Composite Function rule: 
Given .Fi(Jt, Jb, Oj) = 0 then (for 8Fi/8Jk -:J 0), 
{)Jk 
{)(}j 
8Fif80i 
8Fif8Jk 
Recall also the definition for relative contribution to the estimate error (RCE): 
RCEi,j,k = (~ oej/ "·IOO% 
"!-! (~ oej) L-J= l 89; 
(6.10) 
(6.11) 
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Substitution of Equation {6.10) into Equation (6.11) yields: 
RCEi,j,k - (~~ oajr {6.12) -- -- 2 
"N (aF· £:!h. 80 ·) 
.LJj=l Fo:' 8Fi 3 
Recognising that Ut is a constant that may be factored out yields: 
RCEi,i -
(~ oajr {6.13) N (oF~ )2 
Ej=l w, oei 
This means that the the relative contribution to estimate error, RCE(i,j) • is now inde-
pendent of the volumetric charge level being estimated, Jt or Jb, and is dependent only on 
the residual equation i being considered and the parameters Oj. This renders the results 
for the total charge,Jt, and the ball charge, Jb, estimates equivalent for a given residual as 
demonstrated in Figures {6.6) to (6.9) . 
Residual Contour Plot Tangents 
For residual i, substituting Equation (6.10) into Equation (6.8) yields: 
oJt,i _ 8Jt,i ~~ (8Fi o0·) 2 aF. \ 6 ae . 3 
' j=l 3 
and 
~ ( ) 2 8Jb . 8F.-oJb,i = aF:.\ L aa~ ooj t 3=1 } 
Dividing Equation (6.15) by Equation (6.14) yields: 
oJb,i _ 
oJt,'i 
8Jb,i 
8Jt,i 
(6.14) 
(6.15) 
(6.16) 
The right hand side of Equation (6.16) is the slope of the contour of residual Equation (i). 
This means that visual inspection of the contours indicates how the uncertainties in the 
estimates compare and how their comparative uncertainty changes along the contour. 
Inspection of the mill weight residual in Figure 6.1 indicates that the uncertainty in the 
total charge estimate, oJt, remains relatively constant with respect to the the uncertainty 
in the ball charge estimate, oJb, i.e., constant slope. In contrast to this, for the mill 
power draw residual case, the uncertainty in the total charge estimate, OJt, increases with 
respect to the the uncertainty in the ball charge estimate, oJb the higher the total charge 
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is above the the ball charge, i.e., decreasing slope. This is attributed the concave nature 
of the power draw versus charge curve, i.e., beyond some total load level, the power 
draw passes through a maximum and begins to decrease. Hence, two load conditions are 
feasible for a range of high power draw readings. Recall from Chapter 2 that mill power 
draw 'loops-over', see Figure 6.10 (whereas the weight curve is a monotonically increasing 
function of mill filling). Uncertainty is introduced since over a range of the curve, a single 
power draw reading corresponds to two mill filling levels. 
Table 6.4 contains the gradients of the residuals calculated by Equation (6.16) and by 
visual inspection of the contours in Figure 6.1. The expected agreement is evident for 
the weight residual. However, a discrepancy is evident for the power draw residual. A 
thorough investigation into the root of this discrepancy was considered outside the scope 
of this research. However, it is attributed to the following: 
1. Large Sensitivities. Referring to Figure 6.4, the sensitivities of the total charge 
estimate, Jt, to the parameters in the power draw residual are an order of magnitude 
large than the sensitivities of the other charge estimates. This highlights the non-
linearity in Jt of the power draw residual and also the relative prominence Jt plays 
in the power draw residual Equation {6.3). 
Total charge fraction, Jt, features extensively in the residual whereas the ball charge 
estimate, Jb, occurs linearly in the charge density term, Pc· These characteristics 
would be expected to give an over-estimate of the uncertainty in the total charge 
estimate, Jt , and thus, result in an underestimate of the slope of the power draw 
residual contour when utilising Equation (6.16). 
2. Compensating Errors. When a function involves any variable more than once, 
compensating errors may occur and a step by step calculation may over-estimate 
the uncertainty (Taylor, 1982). This is indeed the case here as mentioned in the 
previous point. The complexity of the residual equation means that the one-step 
uncertainty calculation advised by Taylor (1982) for an accurate uncertainty estimate 
was not feasible despite the symbolic manipulation capability of Maple. The complex 
nature of the residual equation required the utilisation of the rules for the (partial) 
differentiation of sums and products and the chain rule (Perry et al ., 1984). 
3. Residual Non-linearity. The error estimates are based on partial derivatives which 
are linear estimates of the gradient of the non-linear function. The more non-linear 
the function, the more approximate the estimate. The power draw is highly non-
linear, thus, the uncertainty estimate is an over-estimation. 
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One method to improve the agreement is to reduce the size of the errors in the 
parameters, 80j. This was tested by reducing all of the errors in Table 6.2 by half. 
The uncertainties in the total charge estimate, 8Jt, and the ball charge estimate, 
8Jb, both reduced by approximately a half. The corresponding slope of 0.14 (by 
Equation (6.16)) represents only a slight improvement in the estimate of the slope in 
Figure 6.1. 
4. Power draw Curve. The points of residual non-linearity and large sensitivity are 
inter-related with the power draw model itself which has a range where a single power 
draw reading corresponds to two mill filling levels, refer to Figure 6.10 above. This 
uncertainty is exacerbated with the use of variable speed drives (which are gaining 
increasing acceptance (Barratt and Brodie, 2001)) which shift the power draw curve 
up the power draw axis with increasing mill speed. 
The presence of compensating errors introduces the possibility of uncertainty over-estimation 
in the case of the total charge estimate (Jt) from the power draw residual, Equation (6.5) . 
However, the large sensitivities, residual non-linearity and power draw curve shape, rein-
force the high level of uncertainty. Therefore, the total charge estimate (Jt) from the power 
draw residual, Equation (6 .5), continues to be considered less reliable than the estimate 
from the mill weight residual, Equation (6.6). 
Table 6.4: Residual Slope Comparison 
Contour Gradient Gradient I 
Equation (6.16) Figure 6.1 I 
I 
Power draw 0.10 0.38 
Equation (6.5) 
Weight 0.67 0.67 
Equation (6.6) 
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The sensitivity and error analysis results and discussion have found in favour of the util-
isation the mill weight residual, Equation (6 .6), for estimating the total charge fraction, 
Jt , and the ball charge fraction, Jb . The estimates from this residual contain the least 
uncertainty. Therefore, the mill weight residual should be utilised in preference to the mill 
power draw residual. 
To minimise uncertainty in the charge estimates from the mill weight residual, the best 
available mill weight measurement, MVwt, should be utilised and mill diameter, Dmill, and 
mill length, Lmw, should be measured at regular intervals to account for shell liner wear. 
The mill diameter, Dmm, measurements could be supplemented by and utilised to tune a 
dynamic mill liner model, e.g., the model proposed in Chapter 5. 
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6.3 SAG Mill Discharge Estimate 
Based on plant measurements of the feed rate to the oversize crusher, the flow rate and 
density of the primary cyclone feed and estimates of the size distributions reporting to the 
oversize crusher and the primary cyclones, the SAG mill discharge rate (SM DC) and size 
distribution (smdc) may be estimated. 
Size 
The SAG mill discharge size distribution, smdc, may be indicated by way of the Tso, 
T6o, T4o and T2o measurements (the 80%, 60%, 40% and 20% wfw passing sizes of the 
mill discharge material, respectively). The "T' designation is for "transfer'' size, i.e., 
the size distribution of the SAG mill discharge stream indicates the size distribution of 
material being transferred from the primary grinding circuit to the secondary grinding 
circuit. Multiple passing size estimates are necessary to define the size distribution where 
a single point indication (e.g., Tao only) is insufficient (McKen et al., 2001). 
The results of the inferential measurement of the SAG mill discharge size distribution are 
shown in Figure 6.11. The good agreement for the Pso (Tao) size of 1- 3% error between 
the inferential model and the reference data (Table 5.5) and simulation model results 
(Table 5.1), respectively, is evident here also. Recall that details of the stream information 
for reference data, simulation and inferential model results can be found in Appendix C. 
Table 6.5: Inferential Mill Discharge Size Distribution Indication (smdc) 
SMDC Passing Size I 
%Passing actual model error i 
(mm) (mm) (%) I 
I 
Tao 16.7 16.9 1 I 
T5o 2.9 6.4 120 1 
T4o 0.6 2.6 277 . 
T2o 0.1 0.4 3191 
I 
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Figure 6.11: Inferential Mill Discharge Size Distribution Results (smdc) 
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Overall the inferential model predicts a size distribution that is more narrow and more 
coarse than the "actual" size distribution, i.e., the Reference Data. This feature is also 
evident in the results of the inferential size distribution indication, given in Table 6.5. 
The estimates for TBo, T 40 and T2o contain relatively larger errors. Section 3.4 described 
the sources of error in the Tao (Pso) calculations, i .e., the error in the size distribution is 
attributed to interpolation errors (particularly at fine sizes) combined with minor model 
approximations. Furthermore, as the transfer (and passing) size indicators are obtained 
from the cummulative percent passing format of the size distribution, errors in the coarse 
end of the distribution impact on the estimates at the fine end of the distribution. How-
ever, since the relative movement in the Pso measurement over time is considered most 
important rather than the absolute value of the measurement (Davies et al., 2000) , these 
size indicators are considered a satisfactory means of SAG mill discharge size indication. 
Rate and Density 
The results for the inferential model estimates of SAG mill solids discharge rate and density 
are shown in Table 6.6 and exhibit good agreement to the Reference Data. Therefore, a 
satisfactory inferential measurement of the SAG mill discharge rate and density, based on 
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plant measurements of the oversize crusher feed rate, primary cyclone feed flowrate and 
density and feedwater addition rate, is possible. 
Table 6.6: Inferential Mill Discharge Rate and Density Results (SMDC) 
item SMDCtvh_s SMDC%swfw I 
I 
I 
Reference 252.1 75.9 I 
Inferential 252.1 I 75.9 I 
Error(%) 0.0 O.? I 
I 
6.3.1 Sensitivity and Error Analyses 
Sensitivity and error analyses similar to those conducted on the mill charge inferential 
models, see Section 6.2.1, were conducted on the SAG mill discharge size, rate and density 
inferential models. Nine (9) parameters are considered in the analysis, see Table 6.7. These 
parameters differ from those considered for the total volumetric charge CJt) and the ball 
charge (Jb), Section 6.2.1, since the discharge model is independent and upstream of the 
charge models in the calculation sequence. 
Size 
Equation (6.1) was applied to the mill discharge inferential model to estimate the uncer-
tainty in the transfer size estimates. Table 6.8 contains the uncertainty estimates for the 
transfer size indicators which range from 74% to 415%. Although feasible, considering 
the high levels of relative error, this estimated level of uncertainty is not considered an 
accurate reflection of the actual uncertainty. The high uncertainty is attributed to an 
over-estimation due to compensating errors. 
The discharge inferential model is in Step 1 of the inferential model calculation sequence. 
Therefore, a relatively straight forward uncertainty calculation could be expected. However 
the calculation required the utilisation of the rules for the (partial) differentiation of sums 
and products and the chain rule (Perry et al., 1984) despite the symbolic manipulation 
capabilities of Maple, which may result in an uncertainty over-estimate (Taylor, 1982), as 
discussed for the powerdraw residual in Section 6.2.3. 
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Table 6.7: Inferential Mill Discharge Model Parameters, 0; 
j Parameter, 81 %Error 
1. OSCFtph_p, oversize crusher feedrate (t/ hr) (Measured 10 
Variable) 
2. I OSCFr.s wfw• oversize crusher density (%sols wjw) (As-
sumption) 
3.1 Xp, pepple port diameter (mm) 
4. PCF Dm3ph_p, primary cyclone feed flowrate (m3 /hr) 
(Measured Variable) 
5. I PCFDr.s wfw• primary cyclone feed density (%sols w/ w) 
(Measured Variable) 
6. I SMD50c, SAG mill discharge screen corrected 50% passing 
size (mm) 
7. I PCFWmaph_l. primary cyclone feed water addition 
flowrate (m3 j hr) (Measure Variable) 8., SG8 , ore specific gravity (tj m3 ) 
9. SGz, process water specific gravity (tjm3) 
99.9 
74.1 
243 
50.8 
5.0 
99.2 
2.65 
1.00 
1 
7 
24 
5 
3 
10 
0.3 
0.1 
1 
10 
10 
10 
60 
10 
10 
10 
185 
It is considered here that an uncertainty over-estimation is evident. However, further 
investigation of the uncertainty estimation was deemed beyond the scope of this research. 
Table 6.8: Mill Discharge Size Estimate Uncertainty Summary 
SMDC Passing Size 
%Passing actual model error uncertainty 
(mm) (mm) (%) (%) 
Tso 16.7 16.9 1 225 
T6o 2.9 6.4 120 74 
T4o 0.6 2.6 277 209 
T2o 0.1 0.4 319 415 
Presentation of the relative contribution to the estimate error (RCE) is considered useful 
despite concerns regarding uncertainty over-estimation. Figures (6.12) to (6.15) contain 
the relative contribution to the error, RCE, for the Tso , T6o, T4o and T2o mill discharge 
size indicators, respectively. 
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Figure 6.12: SAG Mill Discharge 80% Passing Size Indication Uncertainty (Tso) 
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Figure 6.13: SAG Mill Discharge 60% Passing Size Indication Uncertainty (T6o) 
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Figure 6.14: SAG Mill Discharge 40% Passing Size Indication Uncertainty (T4o) 
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Figure 6.15: SAG Mill Discharge 20% Passing Size Indication Uncertainty (T2o) 
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From Figure 6.12 through Figure 6.15, the parameters that have the most influence on the 
uncertainty in the inferential SAG mill discharge size distribution measurement are listed 
in Table 6.9. 
Table 6.9: Influential Parameters: SAG Mill Discharge Size Estimate (smdc) 
j Oi Description 
T so 
1 OSCFtph_p oversize crusher feedrate (t/hr) (Measured Variable) 
4 PCFDm3ph_p primary cyclone feed ftowrate (m3 /hr) (Measured Variable) 
5 PCFD%s wfw primary cyclone feed density (%sols w jw) (Measured Variable) 
T6o 
1 OSCFtph_p oversize crusher feedrate (t/hr) (Measured Variable) 
5 PCFD%s wfw primary cyclone feed density (%sols w jw) (Measured Variable) 
6 SMD50c SAG mill discharge screen corrected 50% passing size (mm) 
T4o 
4 PCFDm3ph_p primary cyclone feed :ftowrate (m3 / hr) (Measured Variable) 
5 PCFD%s wfw primary cyclone feed density (%sols w/w) (Measured Variable) 
6 SMD50c SAG mill discharge screen corrected 50% passing size (mm) 
9 SGz process water specific gravity (tfm3) 
T2o 
4 PCFDm3ph_p primary cyclone feed flowrate (m3 / hr) (Measured Variable) 
5 PCFD%s wfw primary cyclone feed density (%sols w / w) (Measured Variable) 
9 sa1 process water specific gravity (t/ m3) 
Referring to Figures (6.12) to (6.15) and Table 6.9, the influence of parameters differs with 
SAG mill discharge size estimate. This is due to the relative importance that the oversize 
crusher feed (coarse stream) and primary cyclone feed (fine stream) estimates play in the 
respective discharge size estimates. Therefore, the coarse mill discharge estimates (Tso & 
T6o) are influenced most by parameters utilised in the oversize crusher feed estimate and 
the fine mill discharge estimates (T 40 & T2o) are influenced most by parameters utilised 
in the primary cyclone feed estimate. 
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Rate and Density 
Equation (6.1) was applied to the mill discharge inferential model to estimate the uncer-
tainty in the rate and density estimates. Table 6.10 contains the uncertainty estimates for 
the rate (14%) and density (8%) estimates. In contrast to the size estimate uncertainties, 
this level of uncertainty is acceptable. The overall mass balance calculations are simple in 
comparison to the size by size balances involved in the size distribution estimate. Therefore, 
over-estimation due to compensating errors is not evident. Figure 6.16 and Figure 6.17 
Table 6.10: Mill Discharge Rate and Density Uncertainty Summary 
item SMDCtph_s SMDC%sw/w 
Reference 252.1 75.9 
Inferential 252.1 75.9 
Error(%) 0 .0 0.0 
Uncertainty (%) 14 8 
contain the relative contribution to the error, ROE, for the SAG mill solids discharge rate 
(SMDCtph_s) and density (SMDC%sw;w) indicators, respectively. The parameters that 
have the most influence on the uncertainty in the inferential SAG mill discharge rate and 
density measurement are listed in Table 6.11. 
Table 6.11: Influential Parameters: SAG Mill Discharge Rate & Density Estimates 
(SMDC) 
J 
4 
5 
7 
9 
ei 
PCFDmaph_p 
PCFD%s w/w 
PCFWm3ph 1 
sa1 
Description 
primary cyclone feed flowrate (m3 /hr) (Measured Variable) 
primary cyclone feed density (%sols w/w) (Measured Variable) 
primary cyclone feed water addition flowrate (m3 / hr) (Measure 
Variable) 
process water specific gravity (t/m3) 
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Figure 6.16: SAG Mill Solids Discharge Rate Indication Uncertainty 
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Figure 6.17: SAG Mill Discharge Density Indication Uncertainty 
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Referring to Figures (6.16) to (6.17) and Table 6.11, the parameters that most strongly 
influence the uncertainty in the SAG mill solids discharge rate and density are three of the 
parameters that affect the uncertainty in the size indicators, i.e., 
• primary cyclone feed flowrate, PCF Dmaph_p, 
• primary cyclone feed density, PCFD%s wfw• and, 
• process water specific gravity, SG1. 
The primary cyclone feed water addition flowrate, PCFWmaph_l, also strongly influences 
the uncertainty in the density estimate. 
6.3.2 Mill Discharge Model Summary 
From the observations of Section 6.3.1 it is possible to conclude that the inferential model 
of the SAG mill discharge provides satisfactory indication of discharge rate, density and 
size distdbution. Also, due to the influence that the process measurements, the discharge 
screen aperture and the process water specific gravity have on the uncertainty of the mill 
discharge estimates, it is possible to conclude that to minimise uncertainty in the inferential 
mill discharge size indicators, SAG mill solids discharge rate and density: 
• the accuracy of the oversize crusher feed rate, OSCFtph_p, should be checked peri-
odically, e.g., by calibration checks and belt-cuts. 
• calibration checks of the primary cyclone feed density gauge measurement, PCFD%s wfw• 
and flow meter, PC F Dm3ph _P, and primary cyclone feed water addition flowrate, 
PCFWm3ph_l, should be conducted regularly to ensure accuracy. 
• the SAG mill discharge screen aperture size should be monitored and measured reg-
ularly to ensure the corrected fifty percent passing size, SM D50c, may be adjusted 
as required. 
• the specific gravity of the process water, SG,, should be checked periodically. 
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6.4 SAG Mill Fresh Feed Estimate 
Recall from the beginning of the Chapter that once estimates of the SAG mill discharge 
SMDC, SAG mill rock charge SMRC, and SAG mill ball charge, SMBC have been 
obtained, it is possible to estimate the total and fresh SAG mill feed streams, SMT F and 
SM F F, respectively. Fresh feed size distribution indication by way of the Fso, F 60 , F 40 
and F2o measurements (the 80%, 60%, 40% and 20% wjw passing sizes of the feed ore 
material, respectively) can then be obtained from the fresh feed size distribution estimate, 
smff. 
Size 
The results of the inferential measurement of the SAG mill fresh feed size distribution is 
shown in Figure 6.18. The 25% error in the Pso size for the inferential model indicated in 
Table 5.1 and Table 5.5 is also evident here. As mentioned in Chapter 3 and Chapter 5, 
details of the stream information for reference data, simulation and inferential model results 
can be found in Appendix C. Overall the inferential model predicts a finer, more narrowly 
sized distribut ion than the reference data. This feature is also evident in the results of the 
inferential size distribution indication given in Table 6.12. 
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Figure 6.18: Mill Feed Size Distribution Results (smff) 
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Table 6.12: Inferential Mill Feed Size Distribution Results (smf f) 
Feed Passing Size 
%Passing actual model error 
(mm) (mm) (%) 
Faa 95 71 25 
F6o 65 46 30 
F4o 38 20 46 
F2o 16 8 49 
As mentioned in Sections 3.4 and 5.2 for the Pso (Fao) measurement, the error in the 
size distribution is attributed to interpolation errors combined with minor model approx-
imations. Also, the relative movement in the Pso measurement over time is considered 
the most important rather than the absolute value of the measurement itself, a conclusion 
echoed by Davies et al., (2000). Furthermore, regarding the level of error increasing with 
decreasing size (Fso ... F20 ), the feed (passing) size indicators are obtained from the cum-
mulative percent passing format of the size distribution, hence, errors in the coarse end of 
the distribution impact on the estimates at the fine end of the distribution. Considering 
these points, the size indicators are considered a satisfactory means of SAG mill feed size 
indication. 
Table 6.13 contains the results of the plant evaluation of the commercially available Online 
Ore Sizing system ( OOS) and a restatement of inferential model results of this research. 
The range of error for exhibited by the 008 is 8-34%. For the inferential size indication 
the error range is 25-49%. The comparison is favourable on the counts of validation and 
size range. 
Validation: 
The OOS would have been undergone extensive validation and evaluation in proceed-
ing from concept to commercially available product whereas this inferential model 
has undergone limited validation due to resource and data availability constraints. 
Size Range: 
The error trends increase with decreasing particle size for both measurement meth-
ods. The feed ore studied in this research is finer than that evaluated with the OOS. 
Consequently, the errors are comparatively larger. 
Chapter 6. Inferential Model Error and Sensitivity Analyses 194 
Table 6.13: Size Measurement Comparison 
OOS System Inferential Model 
Feed Passing Size Passing Size 
%Passing Size Error Size Error 
(mm) (%) (mm) (mm) (%) (mm) 
Fso 136 8.3 11.3 95 25.2 23.9 
F6o 90 20.4 18.4 65 29.7 19.3 
F4o 55 24.2 13.3 38 46.1 17.5 
F2o 34 34.4 11.7 16 49.0 7.8 
Rate and Density 
The results for the inferential model estimates of SAG mill fresh solids feed rate and density 
are shown in Table 6.14 and exhibit good agreement to the Reference Data and hence 
deemed satisfactory. The SAG mill fresh feed rate (total) is one of the measured variables 
available on the plant. As a result it could be perceived that the solids feedrate estimate 
has a lesser importance than the other estimates presented here (especially considering the 
dry nature of the fresh feed stream). However, it is an important estimate since: 
a) production targets are set on a (dry) solids basis, and, 
b) it is an integral component of the fresh feed density estimate which is required to 
determine the (dry) solids production targets and, at an operational level, is a char-
acteristic for which indiction is desirable. 
Table 6.14: Inferential Model Rate and Density 
item SMFFtph_s SMFF%sw/w 
Reference 185.0 98.0 
Inferential 184.9 98.1 
Error(%) 0.0 0.0 
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One parameter of importance to the fresh feed density estimate but omitted from the 
analysis is the SAG mill feed water addition, SMFW, which is one of the measured 
variables available on the plant. The analysis for the SAG mill fresh feed density was 
conducted again with the SAG mill feed water addit ion included. The analysis showed 
that the feed water addition had a relative contribution to error level of 0.003% and thus 
was not considered further. 
6.4.1 Sensitivity and Error Analyses 
Sensitivity and error analyses similar to those conducted on the mill charge inferential 
models, see Section 6.2.1, were conducted on the SAG mill feed inferential model. Forty 
one (41) parameters are considered in this analysis, see Table 6.16. The effects of the total 
volumetric charge (Jt) and the ball charge ( Jb) were studied here in lieu of considering 
approximately half of the parameters studied for the mill charge inferential models, see 
Table 6.2. The additional parameters here are either unique or relatively important to the 
feed rate and size models. 
Size 
Equation (6.1) was applied to the mill feed inferential model to estimate the uncertainty 
in the passing size estimates. Table 6.15 contains the uncertainty estimates for the feed 
size indicators which range from 2 to 7 x 106 %. These extraordinarily high uncertainty 
estimates are attributed to compensating errors. The fresh feed stream is the final step in 
the inferential model calculation sequence (Step 6). The prevalent ut ilisation of the rules 
for the (partial) differentiation of sums and products and the chain rule have resulted in an 
over-estimation of the feed size distribution uncertainty. Considering the current symbolic 
manipulation capabilities of Maple, this method for uncertainty calculation appears un-
suitable for this model. FUrther investigation of other methods for uncertainty estimation 
was deemed beyond the scope of this research. 
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Table 6.15: Mill Feed Size Uncertainty Summary 
Feed Passing Size 
I 
%Passing actual model error uncertainty ', 
(mm) (mm) (%) (%) I 
Fao 95 71 25 2 X 106 -
I 
F6o 65 46 30 4 X 106 I 
F4o 38 20 46 5 X 106 i 
F2o 16 8 49 7 X 106 I 
Table 6.16: SAG Mill Fresh Feed Model Parameters, Bj 
j Parameter, Bj %Error 
1. OSCFtph_p, oversize crusher feedrate (t/ hr) (Measured 10 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
Variable) 
OSCF%s w/"B oversize crusher density (%sols wjw) (As-
sumption) 
Xp, pebble port diameter (mm) 
PC F Dm3ph _P, primary cyclone feed flowrate ( m 3 /hr) 
(Measured Variable) 
PCFD%s w/w• primary cyclo~e feed density (%sols wjw) 
{Measured Variable) 
SMD50c, SAG mill discharge screen corrected 50% passing 
size (mm) 
PC FW m3ph _1, primary cyclone feed water addition 
flowrate (m3 / hr) (Measure Variable) 
SG8 , ore specific gravity (tj m3 ) 
SGt, water specific gravity (tjm3 ) 
Xm, SAG mill model fine size (mm) 
rn, relative radius of outermost grate (fraction) 
foag, fraction open area (fraction) 
Dmw, SAG mill diameter (m) 
Lmill• SAG mill length (m) 
"f, relative radial position of the open area (fraction) 
RPM, mill speed (RPM) 
/p, pebble port relative open area (fraction of the open 
area) 
SGb, hall specific gravity (t/ m3) 
t:, charge voidage (fraction) 
Jt., volumetric ball charge {fraction) 
99.92 
74.11 
243 
50.8 
5.0 
99.25 
2.65 
1.00 
0.5427 
0.9720 
0.1790 
7.12 
3.53 
0.8031 
12.014 
0.011 
7.8 
0.40 
0.142 
1.0 
7.4 
24.3 
5.1 
3.0 
9.9 
0.26 
0.10 
0.054 
0.029 
0.0215 
0.14 
0.14 
0.05 
0.6 
0.011 
1.56 
0.04 
0.028 
1 
10 
10 
10 
60 
10 
10 
10 
10 
3 
12 
2 
4 
6 
5 
100 
20 
10 
20 
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j Parameter, 0; Value Error %Error 
21. Db, ball diameter (mm) 125 12.5 10 
22. smb02, ball charge size distribution - weight retained in 1 0.1 10 
size 2 (%) 
23. smbc3 , ball charge size distribution - weight retained in 50 5.0 10 
size 3 (%) 
24. smbc4, ball charge size distribution - weight retained in 35 3.5 10 
size 4 (%) 
25. smbcs, ball charge size distribution - weight retained in 14 1.4 10 
size 5 (%) 
26. smbea, ball charge size distribution - weight retained in 0 1 
size 6 (%) 
27. smbc7 , ball charge size distribution - weight retained in 0 1 
size 7 (%) 
28. Jt, total volumetric charge (fraction) 0.2298 0.046 20 
29. A, ore impact breakage parameter 78.5 7.85 10 
30. b, ore impact breakage parameter 0.45 0.045 10 
31. ta, re abrasion breakage parameter 0.13 0.013 10 
32. ln(RO) , logarithm of breakage rate RO 0 0.50 
33. ln(R1) , logarithm of breakage rate R1 1.781 0.53 30 
34. ln(R2), logarithm of breakage rate R2 3.800 0.19 5 
35. ln(R3), logarithm of breakage rate R3 3.996 0.20 5 
36. ln(R4) , logarithm of breakage rate R4 2.544 0.51 20 
37. ln(R5), logarithm of breakage rate R5 2.458 0.25 10 
38. ln(R6), logarithm of breakage rate R6 2.458 0.25 10 
39. Fao i- 11 F so from the previous time step 70.7 21 30 
40. RecRatioi _ 1, ratio of the - 20 + 4 mm material in the 0.144 0.014 10 
oversize crusher product to similarly sized material in the 
mill feed from the previous time step (fraction) 
41. PCsplit• primary cyclone underflow split to ball mill {frac- 0.9995 0.1 10 
tion) 
- - - - - - - - - - -
---
Again, despite the uncertainty over-estimation, the relative contribution to the estimate 
error (RCE) is considered insightful and worth presenting. Figure 6.19 contains the relative 
contribution to the error, RCE, for the Fso feed size indicator. The RCE graphs for the 
F6o to F2o feed size indicators are the same as the RCE curve for the F 80 size indicator, 
for all intents and purposes. This .means that although different magnitudes of error are 
present in the size indicators, the sources of error and their relative contribution to the 
estimate error are the same. 
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From Figure 6.19, the parameters that have the most influence on the uncertainty in the 
inferential SAG mill fresh feed size distribution measurement are: 
j ()j 
1 OSCFtph_y 
3 Xp 
Description 
oversize crusher feedrate (t/hr) (Measured Variable) 
pepple port diameter (mm) 
5 PCFD%s wfw primary cyclone feed density (%sols w jw) (Measured Vari-
able) 
17 /p pebble port relative open area (fraction of the open area) 
Rate and Density 
Equation (6.1) was applied to the mill feed inferential model to estimate the uncertainty in 
the rate and density estimates. Table 6.17 contains the uncertainty estimates for the rate 
and density estimates. Whilst not as high as the estimated uncertainty in the feed size 
estimates, the levels estimated here (600 to 3,000%) are considered an over-estimation of the 
uncertainty. The campensating errors, attributed to the recurrent presence of variables 
in this and preceding calculation steps of the inferential model calculation sequence, has 
resulted in uncertainty over-estimation. Once again, considering the current symbolic 
manipulation capacity of Maple, this method for uncertainty calculation appears unsuitable 
for this model. Again, further investigation of other methods for uncertainty estimation 
was deemed beyond the scope of this research. 
For insight into parameter influence on the estimate uncertainty, Figure 6.20 contains the 
relative contribution to the error, RCE, for the SAG mill fresh feed density, SMFF%swfw' 
estimate. The SAG mill fresh solids feedrate, SMFFtph_s, is not shown since it is the same 
as Figure 6.20, for all intents and purposes. 
Table 6.17: Mill Feed Rate and Density Uncertainty Summary 
item SMFFtph_s SMFF%sw/w 1 
Reference 185.0 98.0 i 
Inferential 184.9 98.1 1 
Error(%) 0.0 0.0 i 
Uncertainty (%) 3 X 103 6 X 102 I 
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On the comparison of Figure 6.20 with Figure 6.19 it is evident that the parameters that 
most influence the uncertainty of the SAG mill fresh feed solids rate and density are exactly 
those that strongly influence the SAG mill fresh feed size indicators, namely, 
• oversize crusher feedrate, OSCFtph_p 
• pebble port diameter, Xp 
• primary cyclone feed density, PCFD%aw/w 
• pebble port relative open area, /p 
6.4.2 SAG Mill Fresh Feed Model Summary 
From the observations made in Section {6.4.1), it is possible to conclude that the inferential 
model of the SAG mill fresh feed provides satisfactory indication of fresh feed rate, density 
and size distribution. Also, due to the influence that the process measurements, the oversize 
crusher product and the SAG mill discharge grate parameters have on the uncertainty of 
the mill discharge estimates, it is possible to conclude that to minimise uncertainty in the 
inferential feed size indicators and the solids rate and feed density estimates: 
• the accuracy of the oversize crusher feed rate, OSCFtph P' should be checked regu-
larly, e.g., by calibration checks and belt-cuts. -
• due to the implicit importance of the oversize crusher product size (via OSCFtph p), 
the accuracy of the crusher gap setting should be checked regularly, e.g., by dipPing 
the crusher with a lead bob. 
• calibration checks of the primary cyclone feed density gauge measurement, PCF D%s w/w' 
should be conducted regularly to ensure accuracy. 
• the SAG mill discharge grate parameters, Xp and /p, should be fitted with due care. 
t 
I , 
J 
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6 .5 Breakage Rates Analysis 
In the development and validation of the dynamic model of the SAG mill, see Section 4.2.3, 
a high degree of model sensitivity to the SAG mill breakage rates, Ti , was encountered. 
These rates are determined by interpolation of a number of key "knot" points - ln(R1) 
to ln(R5), see Equations (3.22) to (3.26) in Section 3.3.1. These SAG mill breakage rate 
parameters either did not feature at all, or, did not feature prominently in the uncertainty 
analysis of the SAG mill feed size inferential measurement. 
However, to investigate which are the influential parameters in the determining the break-
age rates, the model parameters ln(R1) to ln(R6) (Equations (3.22) to (3.26) and a bound-
ing term) were considered in an uncertainty analysis. Table 6.18 contains the results of this 
analysis. These results were utilised in uncertainty analysis of the inferential measurement 
of the SAG mill fresh feed size, see Table 6.16. The results of the relative contribution to 
error (RCE) analysis are shown in Figure 6.21 and Figure 6.22. 
Table 6.18: Breakage Rate Uncertainty Results 
Parameter Value Error %Error 
ln(Rl) logarithm of breakage rate Rl 1.78 0.53 30 
ln(R2) logarithm of breakage rate R2 3.80 0.19 5 
ln(R3) logarithm of breakage rate R3 4.00 0.20 5 
ln(R4) logarithm of breakage rate R4 2.54 0.51 20 
ln(R5) logarithm of breakage rate R5 2.46 0.25 10 
ln(R6) logarithm of breakage rate R6 2.46 0.25 10 
~-.---·-·- -.~ -- - -
The breakage rates are influenced by the following six parameters: 
j 0; Description 
13 Dmill SAG mill diameter (m) 
• 16 RPM mill speed (RPM) 
* 20 Jb volumetric ball charge (fraction) 
21 Db ball diameter (mm) 
* 39 Fsoi - 1 Fso from the previous time step 
40 RecRatioi _ 1 ratio of the - 20 + 4 mm material in the oversize 
crusher product to similarly sized material in the mill 
feed from the previous time step (fraction) 
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Figure 6.21: SAG Mill Breakage Rates (ln(Rl - R3)) Uncertainty 
The three parameters that have the roost influence on the uncertainty in the breakage rates 
are those marked with an asterisk(*), namely, mill speed (RPM), volumetric ball charge 
level (Jb) and Fso from the previous time step (Fsoi _ 1). 
The ball charge level, Jb, and feed eighty percent passing size, F 8o, are of particular 
interest here considering they are two of the inferential measurements discussed earlier in 
this Chapter. The recycle ratio of material in the size range of - 20 + 4 mm, RecRatioi _ 1, 
is also topical since it is based on the fresh feed size distribution, smff , whose estimate is 
discussed in the previous Sections. It is also based on the oversize crusher product, oscp, 
which is the product of oversize crusher's treatment of the oversize crusher feed estimate, 
oscf, see Chapter 5. 
~ 
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Therefore, the uncertainty in the inferent ial measurement of the SAG mill fresh feed is 
influenced by: 
• the inferential model of the SAG mill ball charge level, Jb 
• the estimate of the oversize crusher feed size distribution, oscf 
• the inferential measurement of the SAG mill fresh feed itself via the eighty percent 
passing size, Fao 
These points, particularly the latter point, represent a. recycling of errors. Considering 
the inferential models behaved well in their validation and the comparative insignificance 
! 
~ 
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of these parameters in the relative contribution to estimate error, RCE, in the inferen-
tial measurement model of the SAG mill feed size distribution, see Figure 6.19, further 
investigation of the effects of the recycling of errors was not pursued. 
To minimise the uncertainty in the breakage rates (ri) the uncertainty in the ball charge 
level (Jb), SAG mill fresh feed (SMFF/smff) and oversize crusher feed (OSCF/oscf) 
and product (OSCP/oscp) should be maintained at a low level which corresponds to: 
• utilising the mill weight residual for charge estimates, utilising the best available mill 
weight measurement and periodic measurement of the mill diameter and mill length, 
see Section 6.2. 
• ensuring the accuracy of the crusher and cyclone feed process measurements by reg-
ular calibration, ensuring the accuracy of the crusher gap setting by regular dipping 
and careful fitting of he SAG mill discharge grate parameters, see Section 6.4. 
• model fitting the oversize crusher model (Section 3.3.3) with due care. 
Chapter 6. Inferential Model Error and Sensitivity Analyses 205 
6.6 Primary Cyclone Underflow Split to the Ball Mill 
The primary cyclone underflow split to the ball mill, PCsplit, was considered as one of the 
parameters in the preceding analyses. It should be noted that it is possible to construct 
an inferential model of the split. Thorough detailing and analysis of such a model is 
considered beyond the scope of the present work. However, a general description of the 
model is presented here. 
In a discrete time frame, a combination of: 
• pres~nt estimates of the SAG mill discharge, oversize crusher feed and primary cy-
clone feed streams, 
• the primary cyclone underflow split to the ball mill, and 
• models of the oversize crusher and primary cylone, 
allows the construction of a mass balance to estimate the current primary cyclone 
underflow split to ball mill. 
Equations (6.17) to (6.18) express the model in mathematical terms. 
PCUStph_sk 
PCsplitk 
where 
PCUStph_sk 
PCUFtph sk 
OSCPtph_sk 
SMDCtph sk - OSCPtph sk - SMFFtph sk 
- - -
PCUStph sk 
= 1 -
PCUFtph_sk 
-
-
-
the solids component of the primary cyclone underflow re-
porting to SAG mill feed chute 
the primary cyclone underflow (obtained by the application 
of the primary cyclone model to the primary cyclone feed, 
PCFDk) 
the solids component arising from the application of the over-
size crusher model 
OSCFk = the oversize crusher feed estimate 
S M DCk = the SAG mill discharge estimate 
S M F Fk = the SAG mill fresh feed estimate 
k = current time step 
(6.17) 
(6.18) 
The estimation of the primary cyclone underflow split to the ball mill, PC split, is important 
since it allows the primary grinding circuit mass balance to be fully defined. The full 
mass balance definition enhances the awareness of and the ability to optimise operating 
conditions. 
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6.7 Summary 
Sensitivity and error analyses have been conducted on the inferential models described 
in Chapter 5. This Chapter has resulted in the following innovations (summarised in 
Table 6.19): 
Mill Charge Levels : In 'section 6.2, the analysis of the inferential mill inventory mod-
els concluded that the total ( Jt) and ball charge ( Jb) level estimates from the mill weight 
residual, Equation (6.6), are acceptable and contain less uncertainty than the estimates 
from the mill power draw residual, Equation (6.5). On account of the lower uncertainty, 
the mill weight residual is the recommended residual for charge level estimation. To ensure 
the low uncertainty level, it is recommended that the best available mill weight measure-
ment, MVwt, be utilised and mill diameter, Dmiu, and mill length, Lmal> be measured at 
regular intervals to account for shell liner wear. The mill diameter , Dmill , measurements 
could be supplemented by and utilised to tune a dynamic mill liner model, e.g., the model 
proposed in Chapter 5. 
Mill Discharge : In Section 6.3, the discharge rate, density and size distribution 
estimates from SAG mill discharge inferential models were assessed as acceptable. On 
account of their influence on the estimate uncertainty, it is recommended that the oversize 
crusher and primary cyclone feed process measurements, the discharge screen aperture and 
the process water specific gravity be checked periodically. 
Mill Feed : In Section 6.4, it was concluded that the inferential model of the SAG mill 
fresh feed provides satisfactory indication of fresh feed rate, density and size distribution. 
Due to their influence on the estimate uncertainties it is recommended to regularly check 
the oversize crusher feed conveyor calibration and gap setting and the primary cyclone feed 
density measurement. Diligent model fitting of the SAG mill discharge grate parameters 
is also recommended. 
Breakage Rates : Due to model sensit ivity to the SAG mill breakage rates encoun-
tered in the dynamic model development, the uncertainty in the breakage rates was also 
analysed, see Sect ion 6.5. Mill speed, ball charge level, feed eighty percent passing size 
and oversize crusher feed size distribution were highlighted by the breakage rates analysis. 
The recommendations regarding the SAG mill fresh feed and inventory inferential models 
apply here and also the diligent model fitting of the oversize crusher model. 
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Cyclone Underflow Split : In Section 6.6, the inferential modelling of the primary 
cyclone underflow split to the ball mill was introduced. Considered as one of the parameters 
throughout this Chapter, the importance of the underflow split model was highlighted 
since it allows the primary grinding circuit mass balance to be fully defined, enhancing the 
awareness of and ability to optimise the operating conditions. 
Table 6.19: Chapter 6 Innovation Summary 
Section Innovation 
The analysis and assessment of: 
Section 6.2 • the inferential mill inventory models 
Section 6.3 • the mill discharge rate, density and size distribution inferential models 
Section 6.4 • the SAG mill fresh feed rate, density and size distribution inferential 
models 
Section 6.5 • the SAG mill breakage rates model 
Section 6.6 The introduction of the primary cyclone underflow split to the ball mill 
inferential model 
Chapter 7 
Combined State and Parameter 
Estimation Model 
The inferential models of the SAG mill charge based on mill weight and power draw 
presented in Chapter 5 and analysed in Chapter 6 are not the only alternatives available 
for inferential charge measurement. As discussed in Chapter 2, a number of alternatives 
are available including the use of: 
o conductivity probe measurements and energy balance 
o acoustic spectral analysis and sound measurements 
o state estimation 
Comparative study of the former three is beyond the scope of this research. However, 
utilisation of the simulation models within a combined state and parameter estimation 
(CSPE) framework is a feasible extension of this work. Hence, a brief comparative study 
of two CSPE formulations follows. The purpose of this comparative investigation is to 
place the new inferential models into context by presenting their results alongside those 
of a method that has been utilised for some time and is gaining a degree of acceptance 
in industry. The purpose is not to recommend one method or model over another, since 
application selection would be expected to be on a case by case basis depending on the 
knowledge and expertise available and the process measurements available. 
The formulation and context of the CSPE problem, along with details of Kalman filters, are 
discussed in Section 7.1. Intrinsic to the formulation are the measurement models which are 
presented in Section 7.2. The CSPE results are detailed in Section 7.3, including discussion 
on system observability and detectability and further measurement model development. 
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7.1 CSPE Model Formulation 
Continuous-time nonlinear systems can be described as follows (Henson and Seborg, 1997): 
x(t) = f(x, u, 9, t) 
() = 0 
y(t) = g(x, 9, t) 
where 
X = the state of the system 
u = the system input 
y = the system output 
t - time 
9 - system model parameters to be estimated (assumed con-
stant) 
f = the system function 
g = the measurement function 
(7.1) 
(7.2) 
(7.3) 
Equation (7.1) through Equation (7.3) is referred to as a combined state and parameter 
estimation (CSPE) model since it is utilised to estimate states (x) and parameters (9), 
the latter are assumed to be constant. The problem formulation described here and the 
description of the measurement function for the SAG mill discharge stream, in Section 7.2, 
is based on material from the conference paper (Apelt et al., 2001b). 
In discrete-time, where measurements are only available at equally spaced intervals (sam-
pling periods) tlt, Equation (7.1) through Equation (7.3) can be described as follows 
(Henson and Seborg, 1997): 
Xk+l = f(xk, Uk, ()k , k) 
9k+l = 9k 
Yk = g(xk, 9k, k) 
where 
k 
f 
-
-
discrete time index (ktlt) 
the discrete system function 
(7.4) 
(7.5) 
(7.6) 
g = the discrete measurement function 
.. __ , _, .. ..... --~-~---------------
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One method of on-line state and parameter estimation achieved through the utilisation of 
an extended Kalman filter on the system, as described by Equation (7. 7) through Equa-
tion (7.13) (Henson and Seborg, 1997) . 
xkik - xkik- 1 + Lk(Yk- g(xklk-1• Okik-ll k)) (7.7) 
Lk = ~ -T - ~ -T 1 Pkik-1GdGkPklk-1Gk + R)- (7.8) 
pkik - (I - LkGk) Pkik- 1 (7.9) 
xkHik = £(xk1k,ok 1k,uk ,k) (7.10) 
pk+lik 
- ~ -T (7.11) 
- FkPklkFk + Q 
Gk = ag(x, () , k) I (7.12) 
ax x=xklk-1 •9=0klk-1 
Pk af(x, e, u, k) I (7.13) -
ax x=xkik• 9=Bklk• u=uk 
xkik - the filtered estimate of state x at time kfl.t (correction) 
xkik-1 - the prediction of state x at time kflt from the previous time 
step (prediction) 
Lk = the Kalman filter gain at time kfl.t 
I = identity matrix 
Gk = linearised, discrete-time measurement function 
Pk - linearised, discrete-time system function 
pkik = the a posteriori estimation error covariance matrix 
pk+lik = the a priori estimation error covariance matrix 
Q = the state covariance matrix 
R = the process output (measurement) covariance matrix 
The term "extended Kalman filter" is used when the measurement (g) and system (f) 
functions are linearised about a given operating point, see Equations (7.12) and (7.13) , 
respectively (Henson and Seborg, 1997) as is the case here. 
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7.1.1 CSPE Model Context and Kalman Filter Discussion 
The Kalman filter estimation procedure is presented in block diagram format in Figure 7.1. 
Here, the SAG mill process is the continuous-time nonlinear system described by Equations 
(7.1) to (7.3) and is the "Process" block in Figure 7.1. The behaviour of the SAG mill 
process is defined by the system function f. The prevailing operating conditions of the 
SAG mill process are defined by the states, x , and parameters, 0, of the system. How 
the SAG mill process reached the current operating conditions is a function of the system 
function f, the system the states, x, and parameters, e, the system inputs, u, (control 
actions) and time, t. 
There are two measurements of the SAG mill ''Process", in this case, that indicate what is 
taking place in the SAG mill, namely, mill powerdraw and weight. These measurements 
constitute the measurement function g in Equation (7.3), which is also a function of the 
system states, x, and parameters, e. 
Process 
u y 
(x,&) 
+ 
r-i Kalman I. e Filter 
-
" l...-.-_,. Model y 
1\ 1\ 
(x. e) 
Figure 7.1: Kalman filter block diagram illustrating the Process and how the Kalman Filter 
adds corrections to the Model. 
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In the ideal case, all of the system states, x, and parameters, 8, and the discrete system 
function f are known. However, this is rarely the case and is not the case here. The states 
and parameters of the SAG mill process are not known or measured. Therefore, they must 
be estimated. Estimated states and parameters are distinguished from actual states and 
parameters by using the hat nomenclature, e.g., the estimation of state xis x. 
The estimation of the "Process" is the "Model" block in Figure 7 .1. Since the model is not 
a perfect estimate of the process, an error, e, is introduced, which is the difference between 
the actual system output, y, (the measurements) and the estimated system output, fl. The 
Kalman filter gain, L is applied to the error by the "Kalman Filter" to improve the state, 
parameter and system output estimates of the "Model". When the error is positive, the 
change in the state, & is also positive. Figure 7.2 illustrates how an increase in the rate of 
change in a state, x translates to a more rapid increase in the state estimate, x. 
X 
& 
dx 
dt 
' 
·-· -·- --............ .. L .. _ 
' I 
·-l 
I 
~-
~-+,..,.., ..... -
! state 
~--~~-~ -~~- -~ 
' 
i 
X 
··-····r- -----------· 
' j 
t~- - -- ---~- -- ~ - ~ ~ 
i 
1 
! 
·t 
' l 
a 
Time 
~ 
j 
--~ -- -~ - .! --··· .... ------ ---~ 
t ! 
-- .. - - --- 7 - - .. -o--.4 
' ' 
- -- -· ----~: changelnsiate 
dx 
dt 
-· 1 
Figure 7.2: A linearly increasing Change in State ( ¥t) translates to a quadratically 
increasing State x . The rate of change in the stat.e changes at time= a, which translates 
to a more rapidly changing state. 
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The actual process defined by Equation (7.1) to (7.3) may now be restated as the model 
of the process in Equations ( 7.14) to ( 7 .17). 
±(t) = f(i:, u, 8, t) + Le 
e = o 
y(t) = g(x, 8, t) 
e = y- Y 
In discrete time, this system can be described by Equations (7.18) to (7.21). 
Xk+I = f(xk, Uk, ek, k) + Lk ek 
ek+l = ok 
Yk = g(xk, ek, k) 
ek = Yk - Yk 
where 
ek 
f 
g 
k 
Lk 
= 
= 
= 
error between the system output at time nstep k, Yk, and 
estimated system output at time step k, Yk 
the discrete system function 
the discrete measurement function 
discrete time index 
Kalman filter gain 
(7.14) 
(7.15) 
(7.16) 
(7.17) 
(7.18) 
(7.19) 
(7.20) 
(7.21) 
Another common way to describe the system is in terms of a state transition matrix, A, 
the control transition matrix, B, the measurement matrix, C and the direct connection 
matrix, D (usually zero). The system function fmay be block-partitioned to form the state 
transition matrix, A, and the control transition matrix, B. The measurement function g, 
may be partitioned to form the measurement matrix, 0, and the direct connection matrix, 
D . Equations (7.22) to (7.25) presents the estimated system in discrete time and in terms 
of the transition and measurement matrices. 
Xk+l - A ( xk, Ok, k) + :8 ( uk, k) + Lk ek (7.22) 
ek+l = ek (7.23) 
Yk - c ( Xk, ek, k) (7.24) 
ek = Yk - Yk (7.25) 
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where 
A = discrete-time state transition matrix that defines the dy-
namic behaviour of the continuous-time nonlinear system 
B = discrete-control transition matrix that relates the effects of 
control actions on the continuous-time nonlinear system 
C = discrete-time measurement matrix that relates the system 
states to the process measurements 
7.1.2 Kalman Filter: Predictor - Corrector 
The Kalman filter can be considered a predictor- corrector algorithm {Welch and Bishop, 
2001). In the prediction step, the Kalman filter predicts the states, i;t and the error covari-
ance matrix, P, one time-step into the future, see Equations (7.10) and {7.11), respectively. 
One time-step later, the correction step takes place, which consists of calculating the 
Kalman filter gain, L (Equation {7.8)), adjusting the state estimates (Equation (7.7)), 
and adjusting the states covariance matrix (Equation (7.9)). The next prediction occurs 
immediately before the process moves one time-step forward, at which point the next 
correction is undertaken. Note that estimates of the intial states, xo, state covariance 
matrix, Q, and the measurement covariance matrix, R are required initially. 
Assuming the correction has just taken place at time step k, the Kalman filter formulation 
predicts one time step into the future (time step = k + 1). The predict ions are classified 
a priori, they are predicted before the time step takes place. Two predictions are made, 
firstly the future state, xk+lik• is estimated, see Equation (7 .26). Secondly, the a priori 
error covariance matrix, Pk+llk• is estimated, see Equation (7.27). 
Time Step: k Prediction Step 
i;k+lik = f(xkik• oklk• uk, k) (7.26) 
pk+llk 
- ~ -T (7.27) 
- FkPkjkFk + Q 
The time step transpires and the Kalman filter compares its prediction from the previous 
step with where it understands the process to be this time step and makes the appropriate 
corrections. The corrections are classified a posteriori, they are made after the system 
moves one time-step forward. The filter makes two corrections, firstly to the state esti-
mates Xk+IIk+l• see Equati~n (7.28). Secondly, a correction is made to the estimated error 
covariance matrix to give the a posteriori estimated error covariance matrix, Pk+llk+l• see 
Equation (7.30) . 
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The state corrections are achieved via the residual (or "innovation") 
(Yk+l - g(xk+lik, Ok+llk' k + 1)) in Equation (7.28), weighted by the Kalman fil ter gain, 
Lk+l, which is calculated to minimise the a posteriori estimated error covariance, Equa-
tion (7.30). The residual has more impact on the corrected state estimate if the mea-
surement covariance matrix, R, is small (larger Kalman filter gain) than if the a priori 
estimated error covariance matrix, ..Pk+lJk• is small, refer to Equation (7.29). Therefore, 
the estimate will always weight in favour of dependable measurements. Further discussion 
of the selection and relative magnitudes of the element is contained in Section 7.3.2. 
Time Step: k + 1 Correction Step 
xk+llk+l - xk+llk + Lk+I(Yk+l- g(xk+llk• Ok+llkl k + 1)) (7.28) 
Lk+l 
~ -T - A -r 1 (7.29) 
- Pk+tlkGk+l(Gk+lpk+llkGk+l + R)-
pk+llk+l = (I - Lk+l Gk+I) Pk+IIk (7.30) 
Once the corrections are complete, the filter again enters a prediction phase and predicts 
one time step ahead (time step = k + 2) into the future. The states are predicted and 
the error covariance matrix is predicted, see Equations (7.31) and (7.32), respectively. The 
correction-prediction cycle will then repeat when the time step transpires and the process 
is at time step = k + 3. The prediction-correction cycle will continue henceforth. 
Time Step: k + 1 Prediction Step 
Xk+2lk+1 = f(xk+Ilk+l• ek+llk+ll Uk+l, k + 1) 
..Pk+2lk+1 = 
- A -r 
Fk+lpk+llk+IFk+l + Q 
(7.31) 
(7.32) 
Further information on Kalman filter theory and Kalman filter application may be found 
in Henson and Seborg (1997), Welch and Bishop (2001) and Froisy et al. (1999). 
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7.1.3 Related Works 
The utilisation of an extended Kalman filter in mineral processing and SAG milling is not 
a new idea. On-line estimation for SAG mills has constituted part of the work of Herbst 
and colleagues since the 1980's (Herbst et al. , 1983; Hales et al., 1988). Recent examples 
of SAG mill soft sensors are described by Herbst and Pate (1996), Herbst and Pate (1999) 
and Schroder (2000). 
The size of the systems utilised by Herbst are typically of the order five or seven (Herbst · 
& Associates, 1996; Herbst and Pate, 1999). The states that feature in the system function, 
f, are: 
• ore (considered as one or two size fractions, e.g., ± 55 mm) 
• water 
• grinding media 
• mill shell lining 
These states are complemented by a number of parameters, 8. Two parameters are gener-
ally considered, i.e., grindability and angle of repose. This brings the order of the system 
to seven or nine. 
Two measurement models are utilised to model the process output, g , one for mill pow-
erdraw and one for mill weight (load cell or bearing pressure). Typical examples are 
shown in Equation (7.33) and Equation (7.34), where three states are considered: rock, 
R , water, W, and, grinding media, B (Herbst and Pate, 1999) . Both are functions of 
the states and the parameters which is a necessary feature of the measurement models, 
i .e., the estimated variables "must be algebraically related to the variables which are mea-
sured"(Herbst and Gabardi, 1988). Detailed analysis of these two models and the equivalent 
Julius Kruttschnitt Mineral Research Centre models can be found elsewhere (Apelt et al., 
2001a). 
Power 
- C1 sin(a) [R + W + B] (3.2- 3 V*) ¢ (7.33) 
Load Cell 
- C2 ( R + W + B + Mmill) + C9 (7.34) 
where 
v· = mill volumetric fraction occupied by the charge 
¢ = mill speed function 
a = mill charge angle of repose 
Mmill - mill weight (including liners) 
ci = constants 
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7.1.4 State Equations and Parameters 
This research models the SAG milling process by the following thirty six (36) state equa-
tions and five (5) parameter equations: 
1. Solids. The size by size solids mass balance developed by the Julius Kruttschnitt 
Miner.al Research Centre (Napier-Munn et al., 1996) , (Valery Jnr., 1998) and pre-
sented in Section 4.2: 
Accumulation = In - Out+ Generation- Consumption 
dsi 
dt 
i-1 
- li - Pi + L TjSjaij - (1 - aii)risi 
j=l 
Pi = doCiSi 
i = 1. . . 27 
(7.35) 
(7.36) 
2. Water. The water mass balance also developed by the Julius Kruttschnitt Mineral 
Research Centre (Napier-Munn et al., 1996), (Valery Jnr., 1998) and presented in 
Chapter 3: 
Accumulation - In- Out 
dsw fw- Pw (7.37) dt -
Pw - dosw (7.38) 
3. Grinding Balls. The grinding ball mass balance proposed by this research in Sec-
tion 4.1: 
Accumulation 
dbCi 
dt 
- In - Out + Generation - Consumption 
- bii - bei + bwi - 1 - bwi 
i = 1. . . 7 
(7.39) 
4. Shell Lining. The SAG mill liner weight mass balance proposed by this research in 
Section 4.3: 
Accumulation -
dSMIW 
dt 
Wear 
- wearate (7.40) 
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5. Parameters. These state equations are augmented by the following five (5) param-
eter equations: 
A - 0 (impact breakage ore parameter (in <lij)) 
b - 0 (impact breakage ore parameter (in <lij)) 
ta 
- 0 (abrasion breakage ore parameter (in aij )) (7.41) 
jp = 0 (relative fraction pebble port open area (in Pi)) 
do - 0 (maximum mill discharge rate coefficient (in Pi)) 
Ore breakage parameters A, b and ta are included in anticipation of an inferential mea-
surement of ore grindability. 
Mill discharge grate parameter fp is included due to its close link to the pebble port 
diameter, Xp, which was found to be highly influential in the relative contribution to error 
in the feed passing sizes (Fso- . . F20 ) in Section 6.4.1. 
Maximum discharge coefficient parameter, do, is included since it affects not only the mill 
discharge but also the rock and water charge remaining in the mill. A "mill discharge 
factor" parameter has also been used elsewhere (Schroder, 2000). 
Tallying the number of states and parameters brings the order of the system function, f, 
to forty one ( 41). 
7.2 Measurement Models 
The relevant process measurements present in the primary circuit, shown in Figure 7.3, 
are: 
• SAG mill fresh (stockpile) feed (t/ hr) 
• SAG mill feed water addition (m3 /hr) 
• SAG mill powerdraw (kW) 
• SAG mill load cell (t) 
• Primary cyclone feed water addition (m3 j hr) 
• Primary cyclone feedrate ( m 3 /hr) 
• Primary cyclone feed density (% solids w jw) 
• Oversize crusher feedrate (t/ hr) 
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f"dO• 
Slockplle 
TPH = mass flowrate (t/hr) kW 
CMPH = volumetric flowrate (m3 /hr) LC 
%sols = stream density(% solids wfw) 
= powerdraw (kW) 
load cell (t) 
Figure 7.3: Primary Grinding Circuit Process Measurements 
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The measurement (plant output) models typically utilised in CSPE are based on mill 
powerdraw, e.g., Equation (7.33), and mill weight (by way of bearing pressure or load 
cell measurement), e.g., Equation (7.34). The SAG mill discharge screen oversize conveyor 
measurement has also been utilised in a formulation that estimates a "mill discharge factor" 
parameter, (Schroder, 2000), which is assumed to be or related to do. 
In this research, two plant measurement models are considered, namely: 
1. SAG mill weight measurement model 
2. SAG mill discharge measurement model 
These models centre on two corresponding process outputs, y1 (t) and y2(t) . The SAG mill 
weight measurement model is similar to Equation (7.34) and is described in Section 7.2.1. 
The weight model is novel in that it utilises the shell weight model presented in Chapter 4. 
The SAG mill discharge measurement model is also a novel development of this research. 
The discharge model (Modell) was presented to the SAG 2001 conference and is described 
in Section 7.2.2. 
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7.2.1 SAG mill weight measurement model 
The SAG mill weight measurement model, 91(x, (), t) , is a sum of the 
• mass of ore particles, grinding balls and water in the mill charge kidney (the charge 
material that is not in free-fall from the charge shoulder to the charge toe), Mkidney 
• mass of the mill shell discharge end lining and the discharge grate, ( liningDE + 
D / C Grate ) , as presented in Section 4.3 
• a calibration term, tare, that allows for the difference between the actual total mill 
weight and the load cell measurement (includes the mill shell weight and the feed 
end shell lining weight) 
9t(x,O, t) = Mkidney + (liningDE + D/CGrate)- tare (7.42) 
The state functionality of the SAG mill weight measurement model, g1(x, 0, t) , is via the · 
rock, ball and water charge components in the charge kidney and the discharge-end shell 
lining weight. The latter is, in fact, one of the states considered. The kidney mass is a 
state function , M kidney( x, () , t) - it is the sum of the rock, ball and water states in the 
charge kidney. 
The SAG mill weight is measured in the plant by load celL This measurement, YI (t), is 
the process output that corresponds t o the mill weight model, 9t(x, (), t). 
7.2.2 SAG mill discharge measurement model (Model 1) 
Referring to Figure 7.3, plant measurements are available for: 
• oversize crusher mass feed rate 
• primary cyclone feed volumetric flowrate (SAG discharge screen undersize plus dis-
charge screen water addition) 
• primary cyclone feed stream density 
• SAG discharge screen water addition flowrate 
The SAG mill discharge stream volumetric flowrate can be reconstructed from these four 
plant measurements. This reconstructed stream can then be utilised in the CSPE as the 
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second process output, y2(t): 
Y2(t) = 
where 
MVoscF %solsoscF 
lOOSGs 
MVpcFDm3 MVpcFD%sols sa, + ----------------~~~~~~------~--
MVPCFD%sols SGt + (100 - MVpcFD%sols)SGs 
MVPCFDm3 (100 - MVPCFD%sols) SGs + ------------~--~----~~~~~--~--
MVpcFD%sols SGt + (100 - MVpcFD%sols) SGs 
MVoscF (100 - %solsoscF) MV: 
+ 100 SGz - PCFWm3 
MVoscF = oversize crusher total feedrate (t/hr) 
MVpcFDm3 = primary cyclone feed fiowrate (m3 / hr) 
MVpcFD%sols = primary cyclone feed density (% solids w /w) 
MVpcFWm3 = primary cyclone feed water addition flowrate (m3 / hr) 
%solsoscF = oversize crusher feed density (%solids w/w) 
The corresponding measurement model, 92(x, (), t), is 
SMDCs SMDCt 
92(x, B, t) = SGs + SGt 
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(7.43) 
(7.44) 
The state functionality of the SAG discharge measurement model, 92(x, B, t), is through 
the constituents of the terms in Equation (7.44). The solids mass fiowrate, SMDC8 , is 
the summation of the size by size mill product stream and thus, is state dependent. 
n n 
SMDCs = LPi = LdociSi (7.45) 
i=l i=l 
The liquid mass fiowrate, SMDC1, is a function of SMDC8 and thus is also state depen-
dent: 
SMDCs 
SMDCz == (k9 Qm - SGs )SGz (7.46) 
On account of the SAG mill discharge grate characteristics, i.e., high fractional open area 
(foag), high relative radial position of the open area (/), and high relative radial position 
of the outermost aperture (rn ), the mill discharge flow is assumed to be only through the 
grinding media and that no slurry pool exists at the toe of the charge. Therefore, as per 
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Equation (3.6), the mill discharge fl.owrate may then be calculated as follows: 
Qm - 6100 J;m"/2.5 A¢-1.38 Do.s (7.47) 
A = total discharge grate open area (m2) 
D 
-
mill inside diameter (m) 
'Y - mean relative radial position of open area (fraction) 
4> = fraction critical mill speed (fraction) 
f&-1 + _§.uL_ 
Jpm = 
• size< 16mm SG, (7.48) 
Vmill 
= nett fractional holdup of slurry in mill that is contained within 
the grinding charge (live area) interstices 
Sw = mill water charge ( t) 
Vmm = mill volume (m3 ) 
The parameter functionality of the SAG discharge measurement model, 92(x, e, t), is 
also through the constituents of the terms in Equation (7.44). The solids mass flowrate 
(SMDC8 ), Equation (7.45), is a function of the maximum mill discharge rate constant 
(d0), explicitly, and also the relative fraction pebble port open area (fp), implicitly (via 
the grate classification function, q, described in Section 3.3.1) . The maximum mill dis-
charge rate constant (do) affects not only the mill discharge but also the rock and water 
charge remaining in the mill. The relative fraction pebble port open area (fp) is linked 
by the classification function to the pebble port aperture size (xp) which is an influential 
parameter in the feed passing size estimates, as described in Section 6.4.1. This reinforces 
the inclusion of the relative fraction pebble port open area (fp) in the list of parameters 
in Equation (7.41). 
The ore breakage parameters A , b and ta are implicit functions of the mill rock charge 
fractions (si) and are therefore present in the state equations, Equation (7.35) and(7.36), 
and the measurement model function, Equation (7.45). As mentioned, these parameters are 
included in the formulation in anticipation of an inferential measurement of ore grindability 
which influences mill performance. 
7.3 CSPE Model Results 
The state equations, Equations (7.35) to (7.40) , the five parameter augmentation (7.41), 
and the measurement models, Equation (7.42) and (7.44), were coded into MATLAB-
Simulink to form the discrete-time system, Equation (7.4) to (7.6) . 
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The discrete-time system J, and measurement, g, functions are utilised by the state cor-
rection and prediction equations, Equation (7.7) and (7.10), of the extended Kalman filter. 
The linearised discrete-time system function Pk, Equation (7.13), and measurement func-
tion Gk, Equation (7.12), were obtained by a parallel coding conducted in Maple V Release 
5.1, which has the symbolic manipulation capability to generate the required partial deriva-
tives. 
The outputs of the process simulation model of the circuit were utilised as the "pla_nt 
measurements" Yl(t) and Y2(t). The mill weight measurement (y1(t)) results directly from 
Equation (4.22). The mill mill discharge measurement (y2(t)) is obtained through simula-
tion model output manipulation, as per Equation (7.43). 
7.3.1 Model Simplification 
The mill rock charge and ball charge influence the breakage that occurs in the mill via the 
specific comminution energy, Ecsi, the high energy, impact breakage parameter, tHE, = 
tw,, and the appearance function, aij. The latter dictates changes in the rock charge, i.e., 
the rock mass balance, see Equation (7.35). This inter-relationship proved too complex 
for Maple in determining the partial derivatives in the linearised discrete-time system, Pk, 
and measurement, Gk, functions. 
To simplify the problem, the state functionality of the specific comminution energy (by 
size), Ecsi, was ignored. That is, calculated values of Ecsi, Equation (3.34), were entered 
into the impact breakage parameter t 10 calculation, Equation (3.33). This simplification 
reduced the dependence of the appearance function, aij, to the ore breakage parameters 
A, b and ta only. 
7.3.2 Results and Discussion 
The CSPE model was utilised to estimate the total (Jt) and ball (Jb) volumetric charge 
fractions. The simulation model was utilised to simulate the prevailing plant operating con-
ditions. The CSPE model was able to estimate the mill inventories. Figure 7.4 illustrates 
the prevailing operating conditions and the initial results obtained. 
The initial estimate results showed good agreement with the simulated conditions. How-
ever, the estimates diverged rapidly out of range as simulation time progressed. In the 
ensuing investigation Kalman filter tuning parameter selection proved to be the under-
lying cause for transient agreement. In arriving at this conclusion the investigation also 
tested for system observability and detectability, the findings of which are presented below. 
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During the investigation of the CSPE model performance, system observability and de-
tectability were assessed. This was achieved by: 
1. Linearising the CSPE at steady-state conditions to generate a state-space model of 
the form 
x(t) - Ax+ Bu 
y(t) = Cx 
where 
A,B,C - system matrices (ignoring the parameters) 
X = system states (36 states without the 5 parameters) 
u = process inputs 
y = process outputs (measurements) 
(7.49) 
(7.50) 
Equation (7.49) is a "set of equations that describe how the natural state of the given 
system changes with time" (Romagnoli, 1996). 
2. Generating the "observability matrix", Lo, (Ray, 1981; Henson and Seborg, 1997) 
Lo = [cT I ATcT I (AT)2if I ... I (AT)n-IcT] (7.51) 
Matrix A is n x n where n is the number of states and matrix Cis l x n where lis 
the number of measurements. The observability matrix, £ 0 , has dimension n x nl. 
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3. Determining the Rank of the observability matrix, Lo. If the Rank of Lois n then 
the system is completely observable and each initial state x0 can be determined from 
knowledge of the process inputs, u , and process outputs, y over a finite time period. 
If the Rank of L 0 is less than n then the system is only partially observable. If 
the system modes that cannot be observed or reconstructed from the output mea-
surements are stable then the system is detectable (Henson and Seborg, 1997) - "a 
weaker property" than observable (Ray, 1981). If "all of the eigenvalues of matrix A 
are negative, there are no unstable modes and the system is detectable" (Ray, 1981) . 
For example, if in some system a measurement of the second state is available, i.e., 
Yl = x2, and the second state, x2, is dependent on itself and the first state, Xt, then 
the first state, x1 , is detectable. However, if instead the plant measurement was of 
the first state, i.e., Yl = x 1, the second state, x2, is not detectable (Ray, 1981) . 
Results 
The Rank of the observability matrix, L o, was determined to be eight (8) which is less than 
the dimension of the system (n = 36). Therefore, the system is not completely observable. 
To determine whether the states were all detectable, the system eigenvalues were deter-
mined as shown in Table 7.3.2. All eigenvalues are negative (.X < 0) except for the first 
ball charge fraction, smbc11 and the SAG mill lining weight, smiw, which are either on or 
very near the zero cut-off for a detectable state. 
CSPE Model2 
The Rank of the observability matrix, Lo, was determined to be significantly less than the 
dimension of the system and the system to be not completely observable. The eigenvalues 
of system matrix A, given in Table 7.3.2, suggest the system (Equation (7.35) to (7.40)) 
may not be fully detectable. 
The results presented later in this Section show that the system i s detectable in the com-
bined state and parameter estimation formulation that utilises the mill discharge mea-
surement model described by Equation (7.43) and (7.44) , henceforth referred to as "Model 
1". However, at this point in the analysis, appropriate selection of the tuning parame-
ters had proven to be elusive and measures were undertaken to increase the Rank of the 
observability matrix. 
The issue of primary concern was the low number of plant measurements and measurement 
models (2) relative to the number of states in the system (36) . Two methods to address 
this difference are: 
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Table 7.1: System Eigenvalues 
State .X 
smrq -30.0 
smrc2 -31.4 
sm1·c3 -32.2 
smrc4 -31.6 
smrc5 -30.2 
smr({> -30.7 
smrc7 -32.6 
smrc8 -36.2 
smreg -40.5 
smrc10 -45.5 
smrcn -46.1 
smrq2 -51.4 
smrc13 -47.2 
smrc14 -52.5 
smrc15 -57.5 
SffiTC!6 -62.5 
smrc17 -61.0 
smrc1s -53 .5 
smrc19 -44.6 
smrc2o -23.7 
smrc21 -10.8 
smrc22 -5.0 
SffiTC23 -3.8 
smrc24 -4.9 
smrc25 -6.0 
smrc26 -6.1 
smrc21 -14.1 
smwc -38.9 
smbq 0 
smbc2 -1 
smbc3 -0.003 
smbc4 -0.004 
smbc5 -0.002 
smbct> -0.1 
smbc7 -1 
smiw 0.0001 
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1. Reduce the number of states considered. 
2. Increase the number of plant measurements. 
A reduced number of states is a valid strategy and is an implicit part of the typical 
measurements presented in Equation (7.33) and (7.34) which utilise three states: rock, 
R, water, W, and, grinding media, B (Herbst and Pate, 1999). These two equations have 
also been utilised for five states: rock (larger than grate size), particles (less than or equal 
to the grate size), water, grinding media and mill shell lining (Herbst & Associates, 1996). 
Recent communications with one of the co-authors of Herbst and Pate (1999)1 established 
that the formulation had been extended to cover three rock states (coarse, medium and 
fine). 
Despite such success with utilising a reduced number of states, reducing the number of 
states here would require significant re-programming ofthe simulation model code (and the 
CSPE model code) and was deemed beyond the scope of this research. Therefore, the num-
ber of plant measurements was effectively increased through extension of the measurement 
and model pairings from one (1) SAG mill discharge flow measurement (Equation (7.43) 
and (7.44), see Section 7.2.2) to twenty eight (28) SAG mill discharge material (solids and 
liquid) tonnages. 
The twenty eight (28) new plant measurements, Y2 ... 29(x, (), t), are generated by manipu-
lation of the inferential models developed in Section 5.1.1 and are as follows: 
(oscfi) (pcfdi) Y2 ... 2s(x, 0, t) = lOO OSCFtph_s + lOO PCFDtph_s 
Y29(x, 0, t) = OSCFtph z + PCFDtph s - PCFW SGz 
- -
i = 1. .. 27 (7.52) 
(7.53) 
1Discussion with WT Pate at SAG 2001 Conference, Vancouver, Sep 30- Oct 3, 2001 
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where 
oscfi = oversize crusher feed % w jw retained in size i, seeEqua-
tion (5.4) 
pcfdi = primary cyclone feed % w jw retained in size i, see Equa-
tion (5.4) 
OSCFtph_s = oversize crusher solids feedrate (tph) , see Equation (5.1) 
OSCFtph_t = oversize crusher liquid feedrate (tph), see Equation (5.2) 
PCFDtph_s - primary cyclone solids feedrate (tph), see Equation (5.5) · 
PCFDtph z = primary cyclone liquid feedrate (tph), see Equation (5.6) 
PCFW = primary cyclone feedwater addition (m3 / hr) (Measured Vari-
able) 
SGz = process water specific gravity (t/m3 ) 
The corresponding measurement models , 92 ... 29(x, 0, t) , are the right hand sides of Equa-
tions (7.36) and (7.38), i.e., 
92 ... 2s(x, 0, t) = do Ci si 
929(X, () , t) = do Sw 
i = 1 ... 27 
where 
s i = mill rock charge in size i ( t) 
Sw = mill water charge ( t) 
do 
Ci 
= maximum discharge rate constant (hr-1) 
discharge grate classification function (frac) 
(7.54) 
(7.55) 
The system matrix A for Model2 is the same as that for Modell. Therefore the eigenvalues 
are (still) those presented in Table 7.3.2. Since the measurement (process output) matrix 
C has changed with the utilisation of twenty nine (29) measurements (instead of two (2)), 
the observability matrix, Lo, has changed accordingly. 
The Rank of the observability matrix, L0 , for Model 2 is twenty (20) which, though a sig-
nificant improvement on eight (8), is (still) less than the dimension ofthe system (n = 36). 
Therefore, the system remains not completely observable for the new CSPE formulation. 
The system was shown to be detectible despite the incomplete observability of the system. 
This was the case for both CSPE formulations, i.e., Model 1 and Model 2. Detectability 
was established not via rigorous proof but through achieving satisfactory results through 
the appropriate selection of Kalman filter tuning paramet ers. The results and the selection 
of tuning parameters are detailed in the following Section. 
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Kalman Filter Tuning 
The Kalman filter has three (3) "tuning" parameters: 
Po : estimate error covariance matrix 
Qo : process noise covariance matrix 
Ro : measurement noise covariance matrix 
The selection of each of these initial-value matrices was initially by trial-and-error. Cheng 
et al. (1997) make the following points regarding these matrices : 
Po : the "magnitude of the P matrix is an indicator of the estimation quality and that 
"the matrix P inital value reflects the magnitude of the errors in initial conditions, 
and thus should be ... small when better intial conditions are available. The general 
assessment that "the ini"tial value of P is not critical" is also given. 
Qo : the "Qk weights the measuring device errors" and that the ''value of Qk should 
be ... small in cases of small measurement errors." For a set of tray temperatures, 
considered relatively accurate, a diagonal matrix with all elements of the order of 
10-10 (dimensionless) was utilised. 
Ro : the "selection of the R value reflects the degree of confidence in the model. 
Usually, the R value greatly influences the performance of the estimator, and thus 
[should be chosen] with caution." For the case considered, a symmetric matrix was 
generated with all elements of the order between 10-15 and 10-10. 
Selection of these tuning parameters is complicated by the following points (Cheng et al. , 
1997): 
Po : "although the matrix P(t) can be loosely associated to the uncertainty of the 
estimated state, it has no clear statistical meaning. 
Qo & Ro : "no general method is available" for their selection. 
The matrices are also referred to as "weighting" matrices (Cheng et al., 1997): 
Q0 : measurement error weighting matrix 
Ro: model noise weighting matrix 
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This terminology indicates the effects the matrices have on the CSPE problem. Henson 
and Seborg (1997) detail the following behaviour which clarifies the use of the "weighting" 
terminology: 
Ro < Qo : measurements are more reliable than the model and the CSPE model 
adjusts the state estimates, x, towards better agreement between the model and the 
measurements. 
Ro > Q0 : measurements are less reliable than the model prevents the CSPE from 
adjusting the state estimates, x, towards better agreement between the model and 
the measurements. 
Welch and Bishop (2001) describe these effects as follows: 
Ro -4 0 : the Kalman gain, Lk. weights the residual Yk- g(xkik-1 1 Okik-1• k) in 
Equation (7.7) more heavily. 
Po -4 0 : the Kalman gain, Lk , weights the residual less heavily. 
Welch and Bishop (2001) also state the following pertinent points about the tuning matrices 
Po , Qo and Ro: 
Po : the choice of Po is not critical, as long as Po :f= 0 the filter will eventually 
converge. 
Qo : the determination of the process noise covariance is generally more difficult 
[compared to Ro] since direct observation of the process is not possible. If process 
uncertainty is introduced via Qo, with reliable measurements, acceptable estimates 
are possible. 
Ro : the measurement noise corvariance, Ro, is usually measured prior to operation 
of the filter and is generally practically possible via the analysis of the actual process 
measurements. 
Accounting for these points of discussion and applying them to the two CSPE formulations 
under scrutiny, the initial values for the matrices were specified as follows: 
Po : since the process model within the CSPE formulation is equivalent to the simu-
lation model, the simulated plant in this case, confidence in the initial conditions is 
high and the order of magnitude of Po small, nominally, 10-3 times the intial values 
of the states. Po was therefore specified as a diagonal matrix with the main diagonal 
equal to 10-3 x xo and all other elements equal to zero. 
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Qo : was specified as a diagonal matrix with the main diagonal equal to 10-10 x 
x0 and all other elements equal to zero. Confidence in the measurements is high 
since they are generated from the simulation model. With Qo specified as such, the 
CSPE formulation considers the measurement errors to be small and as a result state 
estimates do not exhibit high fluctuation levels. 
Po : since the measurements are simulated measurements containing no noise, the 
measurement noise corvariance, F4J, was set to zero2 . 
The state and parameter estimates for both CSPE formulations are shown in Table 7.2 
with the steady state information and the respective relative errors. Table 7.3 contains the 
corresponding volumetric total (Jt) and ball (Jb) charge estimates. 
Model 1 The results show that good estimates are possible through the utilisation of 
this CSPE formulation (2 x plant measurements). The relative error present in the state 
estimates is generally < 5%. The relative error present in the parameter estimates is either 
exactly equal or approximately equal to zero. 
The two state estimate results that stand out are the estimates of the twenty fifth and 
twenty seventh rock charge states, smrc25 and smrc27, respectively. These relatively high 
levels of error are due to the small amounts of rock in these size fractions. A small deviation 
from the steady state value represents a large relative error. 
Model 2 Good estimates are also possible through the utilisation of this CSPE formu-
lation (29 x plant measurements). The extension of the SAG mill discharge volumetric 
flowrate measurement, Equations (7.43) and (7.44), to a size by size throughput mea-
surement , Equations (7.52) to (7.55), improved the resulting state estimates. All state 
estimates displayed exact agreement with the steady state values. Exact agreement was 
also displayed in the estimates of the ore impact breakage and abrasion parameters (A, b 
and ta). 
Relative error is present in the estimates of the mill discharge parameters (fp and do). The 
high level of relative error in the notional fraction pebble port open area relative to total 
grate open area, fp, is clearly evident. This is due to the CSPE model adjusting the mill 
discharge parameters (fp and do) to achieve the exact agreement for the rock and water 
charge state estimates via Equations (7.54) and (7.55). 
2Selected after discussion with Professor L. Kershenbaum, Imperial College, London, 19 September 
2001. 
Chapter 7. Combined State and Parameter Estimation Model 232 
Table 7.2: CSPE Model Results - States and Parameters 
State Unit ss Model l Error Model2 Error 
value Estimate (%) Estimate (%) 
smrq (t) 0 0 0 0 0 
smrc2 (t) 0.23 0.23 0.5 0.23 0 
smrc3 (t) 3.54 3.51 1.0 3.54 0 
smrc4 (t) 8.91 8.68 2.6 8.91 0 
smrc5 (t) 9.33 9.43 1.1 9.33 0 
smrc6 (t) 7.66 7.63 0.4 7.66 0 
smrc7 (t) 5.26 5.13 2.5 5.26 0 
smrcs (t) 2.43 2.46 1.3 2.43 0 
smrc9 (t) 1.39 1.40 0.7 1.39 0 
smrc10 (t) 0.83 0.84 1.7 0.83 0 
smrcu (t) 0.60 0.63 5.3 0.60 0 
smrq2 (t) 0.53 . 0.55 4.0 0.53 0 
smrqg (t) 0.51 0.53 4.5 0.51 0 
smrc14 (t) 0.48 0.50 4.6 0.48 0 
smrc15 (t) 0.42 0.44 4.3 0.42 0 
smrc16 (t) 0.36 0.37 4.2 0.36 0 
smrc17 (t) 0.30 0.32 4.0 0.30 0 
smrc1s (t) 0.27 0.29 4.2 0.27 0 
smrc1g (t) 0.26 0.27 3.6 0.26 0 
smrc2o (t) 0.27 0.28 3.4 0.27 0 
smrc21 (t) 0.27 0.28 2.9 0.27 0 
smrc22 (t) 0.27 0.28 3.3 0.27 0 
smrc23 (t) 0.25 0.26 3.0 0.25 0 
smrc24 (t) 0.22 0.23 2.8 0.22 0 
smrc2s (t) 0.20 0.11 44.5 0.20 0 
smrc26 (t) 0.17 0.17 0.8 0.17 0 
smrc27 (t) 0.72 0.50 30.5 0.72 0 
smwc (t) 2.06 2.08 1.2 2.06 0 
smbc1 (t) 0 0 0 0 0 
smbc2 (t) 0.93 0.93 0 0.93 0 
smbc3 (t) 46.7 46.7 0.0 46.70 0 
smbG4 (t) 32.7 32.7 0.0 32.7 0 
smbcs (t) 13.08 13.08 0.0 13.08 0 
smbC6 (t) 0 0 0 0 0 
smbc1 (t) 0 0 0 0 0 
smiw (t) 337.7 337.7 0.0 337.7 0 
A (-) 75.8 75.8 0 75.8 0 
b (-) 0.450 0.451 0.1 0.450 0 
ta (-) 0.13 0.13 0 0.13 0 
fp (fraction) 0.011 0.011 0 0.034 208 
do (hr-1) 29.85 29.85 0.0 28.79 3.6 
'------------·-L__ - - - - -- -
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The state estimates of Table 7.2 translate to the volumetric charge fraction estimates 
results in Table 7.3. Overall, all of the estimates show good agreement with the steady 
state conditions and reinforce that both CSPE formulations (Modell and 2) can be utilised 
for state estimation. 
The volumetric ball charge (Jb) estimates from both CSPE formulations exhibit exact 
agreement with the steady state conditions. The total volumetric charge {Jt) estimates 
from both CSPE formulations exhibit good agreement with the steady state conditions 
(to within ~ 0.6%). The exact agreement between the Model 2 formulation estimates of 
the mill charge levels ( Jt and Jb) and the steady state conditions is expected following the 
analysis of Table 7.2 above. Said analysis also leads to the expectation of the relative error 
present in the Model 1 total volumetric charge ( Jt) estimate. 
Table 7.3: CSPE Model Results- Charge Fractions 
Volumetric ss Modell Error Model 2 Error 
Fraction value Estimate (%) Estimate (%) 
Total Charge, Jt 0.230 0.228 0.6 0.230 0 
Ball Charge, Jb 0.142 0.142 0 0.142 0 
Although both CSPE formulations are capable of good estimates, the Model 2 formulation 
provides superior state estimates through adjustment (estimation) of the mill discharge 
parameters (fp and do). On account of these two characteristics the Model 2 CSPE for-
mulation is considered superior. 
Referring to Table 6.3 (Section 6.2.2) the error in the charge estimates from the mill 
weight-based inferential model developed in Chapter 5 is 1.3% and 1.8% for the estimates 
of the total volumetric charge (Jt) and ball charge (Jb) , respectively. Comparison of these 
figures with the results in Table 7.3 suggests that the CSPE formulations yield superior 
results. An uncertainty analysis of the CSPE results was considered beyond the scope of 
this research. However, uncertainty levels in the CSPE results would be expected to be at 
least comparable to the weight-based inferential model results. 
A next step in the development of the CSPE formulations could be their validation against 
plant data: off-line and then on-line. Methods to estimate the covariances from process 
data as described by Romagnoli and Sanchez (2000) could be utilised here to calculate the 
measurement covariance matrix, Ro. 
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7.4 Summary 
In this Chapter, two combined state and parameter estimation (CSPE) formulations for the 
SAG mill have been presented. Each model was programmed into the MATLAB-Simulink 
and Maple environments and validated against steady state industrial plant survey data, 
see Appendix C. 
The CSPE results from the two formulations were compared to each other and also to the 
results from the inferential models developed in Chapter 5. The purpose of this comparative 
investigation into combined state and parameter estimation was not to recommend one 
method or model over another, since application selection would be expected to be on a 
case by case basis depending on the knowledge and expertise available and the process 
measurements available. The purpose was to place the new inferential models into context 
by presenting them alongside a method that has been utilised for some time and is gaining 
a degree of acceptance in industry. This objective has been achieved with the added benefit 
of presenting new information for CSPE model use and formulation. 
The presentation of combined state and parameter estimation for SAG mills is not innova-
tive in itself. However, the public presentation of a SAG mill application of this order (41) 
is novel, as is combination of models utilised by the CSPE formulations. Other innovations 
resulting from this work are: 
• a mill weight model for utilisation in the CSPE formulation 
• two mill discharge models for utilisation in the CSPE formulation 
• system observability and detectability discussion and findings 
A next step in the development of the CSPE formulations could be their validation against 
plant data: off-line and then on-line. 
The innovations resulting from this Chapter are summarised in Table 7.4. 
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Table 7.4: Chapter 7 Innovation Summary 
Section Innovation 
Section 7.1.4 Public presentation of the development and results of a high dimension 
to 7.3.2 (41 x 41) combined state and parameter estimation (CSPE) formula-
tion. 
Section 7.1.4 The CSPE formulation presented is novel in the combination of the mod-
to 7.3.2 
Section 7.2.1 
Section 7.2.2 
Section 7.3.2 
Section 7.3.2 
els utilised, including those developed in the course of this research. 
SAG mill weight measurement model - Equation (7.42) (and Equa-
tion (4.22)) 
SAG mill discharge measurement model (Model 1) - Equations (7.44) 
and (7.45) 
SAG mill discharge measurement model (Model 2) - Equations (7.54) , 
(7.55), (7.52) & (7.53) 
Discussion and findings on system observability and detectability 
Chapter 8 
Case Studies 
Further validation and analysis of the inferential models developed in Chapter 5 is presented 
here. Section 8.1 details the validation and assessment of the models on real Northparkes 
Mines plant data from October 1997. Section 8.2 describes the source of some unusual 
behaviour exhibited by the models. Further comment is made on model sensitivity, model 
characteristics, and a operative curve is constructed that may be utilised in a mill charge 
control strategy. In Section 8.3 the development and utilisation of the inferential models 
in a multi-variable controller is described. 
8.1 Inferential Measurement Validation on Plant Data 
Data collected during the execution of the SAG Mill Control Project (Romagnoli et al., 
1997) on site at Northparkes Mines in late 1997 was utilised to validate the inferential 
measurement models. Appendix D contains the Module 1 Grinding Logsheets and Shift 
Communication Book Sheets for the period 8- 16 October 1997. Data files for this period 
containing data for the tags on the SCADA system relevant to the Module 1 grinding 
circuit, were also obtained. 
The MATLAB-Simulink files were configured to read in the plant data from a master 
data file, collated from the various files for this express purpose. The nine days ' worth of 
data, recorded at 2-minute intervals, was read from the master data file spreadsheet and 
processed by the inferential measurement models developed in Chapter 5. The inferential 
models, as per the calculation sequence detailed in Section 5.1, generated results for: 
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1. Oversize crusher feed, primary cyclone feed, SAG mill discharge, including the trans-
fer sizes ( Tao ... T2o); 
2. SAG mill rock charge; 
3. SAG mill fractional total filling, Jt, fractional ball filling, Jb, and fractional rock 
charge filling, Jr, ( Jr = Jt - Jb ) ; 
4. SAG mill total feed; 
5. Oversize crusher product and primary cyclone underflow; and, 
6. SAG mill fresh feed, including the feed sizes ( Fso . .. F2o). 
These results were subsequently written from MATLAB-Simulink to a results spreadsheet. 
Obviously, there was a significant volume of results generated. Specific periods of the 
results were selected that highlight the performance of the key models. Section 8.1.1 
discusses the mill charge estimates, including how the ball charge estimate captures SAG 
mill ball charging. Section 8.1.2 discusses the feedsize estimates, including how the Fso 
estimate captures increasing feedsize observed by the mill operators. In Section 8.1.3, 
model performance is shown to be strongly affected by unusual plant conditions. 
8.1.1 Charge Estimates, Ball Charging and a Mill Inspection 
The first set of results are shown in Figure 8.1 and Figure 8.2, which illustrate (referring 
also to the log sheet excerpt in Figure 8.3) the inferential model of the ball charge fraction, 
Jb, capturing the ball charging that occurs during the day shift. The model estimates the 
ball charge fraction firstly rising from 0.10 to 0.11 during day shift, while ball charging 
takes place. There is no further ball charging during afternoon shift, see Figure 8.3, and 
the model estimates fall back to the 0.10 level, plausibly due to ball charge wear and ball 
ejection (worn or broken balls). 
The trends of the ball, rock and total charge estimates, Jb, Jr & Jt, respectively, and the 
feed size estimate, Fso, are five (5) sample averages. The noise prevalent in the charge 
estimates is due to the noise in the mill powerdraw signal. Recall that the total charge 
(Jt) and ball charge (Jb) estimates originate from a constrained minimisation problem. 
The powerdraw residual, Equation (5.17), and the weight residual, Equation (5.21) were 
solved subject to the constraint that the ball charge fraction is less than or equal to the 
total charge fraction (Jb :::; Jt) · The powerdraw signal, even as a two (2) minute sample, 
contains significant noise. This noise translates to the noise in the estimates. Further model 
refinement should therefore incorporate a degree of signal filtering to eliminate most of this 
noise. 
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Figure 8.1 : Results for 8 October 1997: Mill powerdraw and weight increase with ball 
charging and decrease when charging is ceased. (Fso results are shown also) 
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Figure 8.2: Results for 8 October 1997: Ball charge (Jb) increases during day shift and 
wears away in the absence of ball charging during afternoon shift. 
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Figure 8.3: Module 1 Grinding Log Sheet, 8 October 1997: Ball charging occurs only 
during day shift 
There is evidence of negative, proportional correlation between the ball charge estimate 
(Jb) and the estimates of total (lt) and rock (Jr) charge in Figure 8.2. A degree of negative, 
proportional correlation is expected between the ball charge ( Jb) and the rock charge ( lr) 
since increasing the ball charge generally causes more breakage to occur and thus, results 
in a decrease in the rock charge. Whether negative, proportional correlation should also 
be evident between the ball charge and the total charge is debatable. The cross-correlation 
of these estimates are analysed in further detail in Section 8.1.1. 
A mill inspection was conducted on 14 October 1997 as part of the data collection phase 
of the SAG Control Project (Romagnoli et al. , 1997). The excerpt from the Shift Com-
munication Book from the date in question, see Figure 8.4, contains the results of the 
mill inspection. The author participated in this inspection and, visually, the total charge 
fract ion (Jt) was 0.17 (17%) and the ball charge fraction (Jb) was 0.12 (12%). 
The prevailing conditions, at the time of the mill inspection, and the inferential charge 
measurement model results are shown in Figure 8.5 and Figure 8.6, respectively. The 
inferential measurement model results of lt = 0.25 and Jb = 0.08, although in the ball-
park, do not exhibit excellent agreement with the mill inspection results. The total charge 
estimate, lt, is some 50% above and the ball charge estimate is approximately 33% below 
the mill inspection results. 
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Figure 8.4: Module 1 Shift Communication Book 14 October 1997: Mill inspection - Total 
charge (Jt): 17%, Ball charge ()Jb): 12% 
Although the mill inspection was conducted on a purely visual-basis, and, as such, is subject 
to a degree of error, measurements errors of 30 to 50% are not expected. Therefore, the 
mill charge measurement models contain significant error. Although significant, this level 
of error is not considered a major concern in this instance. The estimates, as mentioned 
above, arise from the mill powerdraw and weight residuals, Equations (5.17) and (5 .21), 
respectively. These equations have parameters that can be adjusted to better fit the data. 
These parameters, such as Mshell for the mill weight residual and and k for the powerdraw 
residual, were not adjusted from the values utilised in the earlier analysis conducted in 
Chapters 3 and 4, which correspond to data from January 1997, some nine (9) months 
earlier and undoubtedly out of date. Detailed model fitting was not conducted due to 
time constraints and the perceived low-priority of the t ask. The aspect considered most 
important, in this instance, is the ball-park agreement and the ability of the model results 
to trend in a sensible manner, which was demonstrated in the analysis of the 8 October 
1997 results above. In any case, in controlling a variable, the nature in which it trends is 
equally, and often more, important as its absolute value. 
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Figure 8.5: Results for 14 October 1997: Mill powerdraw and weight prevailing at the time 
of the mill inspection. 
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Figure 8.6: Results for 14 October 1997: Mill charge est imates for the time of the mill 
inspection. Total charge (Jt): 0.25, Ball charge ( Jb) : 0.08. 
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Charge Estimate Cross-Correlation 
As mentioned above, there is evidence in the inferential measurement model results of 
negative, proportional correlation between the ball charge estimate ( Jb) and the estimates 
of total (Jt) and rock (Jr) charge. The results were plotted on X-Y plots to determine the 
level of cross-correlation and ascertain whether it was of concern. 
Figure 8.7 shows the correlation between the total charge (Jt) estimates and the ball charge 
(Jb) estimates. The linear regression of the data exhibits a moderate degree of correlation 
only, ~53%. Visual inspection suggest that the data could possibly be classified into three 
or more bands that exhibit linear behaviour with a slope close to negative two(-2). It is 
beyond the scope of this research to investigate this possibility in further detail but it could 
be hypothesised that the apparent bands could correspond to different ore hardness levels. 
That is, for a given ball charge level, say 0.10, for periods of softer ore feed, lower rock 
and total charge levels would prevail, say 0.13 & 0.23, respectively. For periods of harder 
ore feed, rock and total charge levels of 0.17 & 0.27, respectively, could prevail. Further 
investigation of this proposed phenomenon could be the focus of future work. 
Figure 8.8 shows the correlation between the rock charge (Jr) estimates and the ball charge 
( Jb) est imates. Although there is a hint of the striations that seem evident in Figure 8. 7, the 
linear regression shows there is a strong correlation, ~ 84%, between rock charge and ball 
charge. As mentioned above, a strong correlation is expected in this case since increasing 
the ball charge will generally cause more breakage thus a reduced rock charge. 
This analysis was deemed sufficient to conclude that there was no undesirable correlation 
present in the charge estimate results. 
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Figure 8.7: X-Y plot of Total charge (lt) versus Ball charge (Jb)· Moderate correlation 
( ~ 53%) only. 
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Figure 8.8: X-Y plot of Rock charge (Jr) versus Ball charge (Jb)· High correlation (~ 
84%) as expected. 
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8.1.2 Increasing Feed Size and Feed F 80 Estimate 
During the afternoon shift of 9 October 1997, the mill control room operator noted that 
the feed size was increasing, see Figure 8.9. 
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Figure 8.9: Module 1 Shift Communication Book 9 October 1997: Feed size increasing 
during afternoon shift 
This observation is captured well by the inferential measurement model of the feed size- by 
way of theF80 measurement, sec Figure 8.10. The increasing mill powerdraw corresponds 
to the increasing feed size. To accommodate this feed size increase (presumably due to 
increasing hardness), the operator decreases the feedrate. 
The absolute value of the actual F 80 trend on 9 October 1997 is not known. However, the 
utilisation of the Fso inferential measurement model within a controller structure would 
still be possible, since the way the model measurement trends is the key characteristic 
here. S~itable high and low limits may be set nominally or via a calibration procedure to 
accommodate any offset between model prediction and plant reality. 
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Figure 8.10: Results for 9 October 1997: Fso model increases as observed by the Control 
Room Operator. 
8.1.3 Mill Density Increase and Oversize Crusher Off-line 
Although the results produced by the inferential measurement models were most encour-
aging overall, two situations dramatically affected model performance, namely: 
1. the oversize crusher going off-line 
2. a sudden increase in the SAG mill feed density 
In the first case, as detailed on day shift in the Shift Communication Book, see Figure 8.11, 
the problems are experienced with the oversize crusher. 
The problems with the oversize crusher are reflected in the feed size (Fso) estimate, see 
Figure 8.12. When the oversize crusher is off-line, the Fso estimate increases markedly. 
When the oversize crusher is off-line, the SAG mill scats (oversize crusher feed) are recy-
cled directly causing a build up of critically-sized within the mill and an increase in mill 
powerdraw and weight. 
The oversize crusher outage also affects the mill charge estimates, see Figure 8.13. While 
the oversize crusher is off-line, the charge inferential measurement model estimates an 
elevated ball charge (Jb) and depressed total (Jt) and rock (Jr) charges. In reality, the 
ball charge level would have remained constant and the rock and total charges would have 
increased. 
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Figure 8.11: Module 1 Shift Communication Book 15 October 1997: Oversize crusher taken 
off-line and returned on-line later. 
If the models were part of a controller at the time, normal plant operating status checks 
would have switched the controller off, thus avoiding any undue control action. Addition-
ally, this model feature could potentially be utilised as a process monitoring and diagnostic 
tool to alert the process operators of the advent of unusual process conditions. 
Further analysis of the source of this model behaviour is discussed in the next Section 8.2. 
The possible utilisation of the model as a process diagnostic tool is considered beyond the 
scope of this research. Potential future work could further investigate this area of research. 
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Figure 8.12: Results for 15 October 1997: Oversize crusher going off-line affects feed size 
(Fso) estimate. 
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Figure 8.13: Results for 15 October 1997: Oversize crusher going off-line also affects the 
mill charge estimates. 
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In the second case, during afternoon shift on 9 October 1997, the mill feed density was 
increased two percent to stop shell-bolts leaking, refer to Figure 8.14. This change was 
made at approximately 19:00 hrs. Now referring to Figure 8.15, one observes that at 19:00 
hrs, the increased feed density causes an increase in mill powerdraw and mill weight. These 
increases in the plant measurements cause ball charge estimate increases and the rock and 
total charge estimate decreases. 
The analysis conducted in Chapter 6 did not capture the sensitivity of the mill charge 
estimates to feed or mill charge density. The further analysis present ed in Section 8.2 
encompasses feed density changes. ~!though mill density changes have not been captured 
as explicitly, the forcing of the mill weight measurement could conceivably be seen as 
incorporating mill density. Further, future work could expand this research area. 
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Figure 8.14: Module 1 Grinding Log Sheet, 9 October 1997: Mill density is increased to 
stop shell-bolts leaking. 
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Figure 8.15: Results for 9 October 1997: Increase in mill density is thickened causes 
increases in mill powerdraw and weight, which affects the mill charge estimates. 
The preceding discussion has illustrated that the inferential measurement models developed 
in Chapter 5 are able to produce results consistent with plant observations and thus are 
considered to be valid. Further research into model behaviour during abnormal plant 
operating conditions and sensitivity to operating con,ditions, such as feed slurry density, are 
possible avenues to progress research in this area. The next Section progresses the research 
in this topic area as it invest igates model behaviour, sensitivity and characteristics. 
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8.2 Mill Charge and Feed Size Sensitivity Analysis 
Here we investigate the discrepancy between the expected and witnessed behaviour of 
the inferential models. In Section 8.2.1, the models are artificially excited and the cause, 
effect and sensitivity are described. In Section 8.2.2, the source of the unusual behaviour 
of the feedsize estimate is investigated and the nature of the mill charge estimates and 
their relative uncertainties are examined. In Section 8.2.3, the nature of the mill charge 
estimates is utilised to generate a SAG mill operating curve, which is discussed in the 
context of mill charge control. 
In Section 8.1.3, unusual behaviour was noted in the charge and feed size inferential model 
estimates that occurred when the oversize crusher went off-line. Specifically, when the 
crusher went off-line: 
• the ball charge (Jb) increased 
• the total charge ( Jt) and rock charge, ( Jr) decreased 
• the fecdsize estimate (Fso) increased 
In reality, the ball charge level would have remained constant and the rock and tot al charges 
would have increased, with the build up of critically sized material, and there would have 
been no effect on the feedsize. 
Also noted in Section 8.1.3, was the effect of feed density on the estimates. When the mill 
density increased: 
• the mill powerdraw and mill weight increased 
• the ball charge ( Jb) increased 
• the total charge (Jt) and rock charge, (Jr) decreased 
• the feedsize estimate (Fso) 
In reality, the ball charge level would have remained constant and the rock and total charges 
would have increased, with the reduced breakage resulting from increased pulp viscosity 
and cushioning. Again, there would have been no effect on the feedsize. 
Additional data was required to analyse the source of this behaviour. The additional 
information required to further analyse the models was obtained by subjecting the SAG 
mill charge and feedsize models to artificial stimulation. 
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Each of the key model inputs were ramped up and down by ± 10%. The nominal conditions 
are those prevailing at 10:27 a.m. on 14 October 1997. The key model inputs, with their 
nominal starting values in parentheses, are: 
1. SAG mill powerdraw (2422 kW); 
2. SAG mill weight (172 t); 
3. Oversize crusher feedrate (scats) (55 tjhr); 
4. SAG mill feedrate (252 t / hr); 
5. SAG mill feed water (90m3 /hr). 
The corresponding mill charge and feed size estimates for these conditions are: 
lt = 25%- SAG mill total charge 
Jb = 8%- SAG mill ball charge 
lr = 17% - SAG mill rock charge 
Fso = 27 mm- SAG mill fresh feed 80% passing size 
8.2.1 Artificial Stimulation: Cause, Effect & Sensitivity 
In this Section, the models are artificially excited and the cause, effect and sensitivity 
are described. The key model inputs were perturbed sequentially as per the order above. 
The cause and effect of the artificial disturbance to powerdraw are shown in Figures 8.16 
and 8.17, respectively. Note that the time series is generated from the starting time. As 
described, four of the model inputs are held constant while the fifth input is varied. The 
time series is only a framework to support the generated results (rather than a reference 
to the actual date and time). 
The cause and effect of the artificial disturbance to mill weight are shown in Figures 8.18 
and 8.19, respectively. 
The cause and effect of the artificial oversize crusher feedrate (scats), SAG mill feedrate and 
SAG mill feedwater addition disturbances are shown in Figures 8.20 and 8.21, respectively. 
Addressing two anomalies from the outset: 
1. F 80 behaviour: Observing Figures 8.17, 8.19 and 8.21, it is clear that the behaviour 
of the feedsize, Fso, inferential model is irregular. The cause of this behaviour is 
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discussed further in the next Section. Suffice to say, model assumptions and structure 
strongly influence the behaviour of this estimate. 
2. Cause - Effect capping: In Figure 8.19, the model estimates are capped. (The 
rock charge estimate ( Jr) has also ventured into the sub-zero region.) The capping 
was enforced when the mill weight was forced below approximately 160 t. Beyond 
this point, the constrained optimisation problem became infeasible. Recall that the 
optimisation problem estimates the total charge (Jt) and ball charge (Jb) from the 
powerdraw residual (Equation (5.17)) and the weight residual (Equation (5.21)) sub-
ject to the physical constraint that the ball charge can never be greater than the 
total charge (Jb ~ Jt)· The rock charge (Jr) and feedsize (Fso) estimates depend 
on the ball and total charge estimates. Therefore, calculation of these estimates also 
became infeasible. 
Generally, holding four of the input variables steady while ramping the fifth has highlighted 
that movement in the inP,uts translates to movement in the estimates. This will also 
apply to measurement noise translating to noise in the estimates. For example, moving 
the powerdraw value, see Figure 8.16, results in movement in total, ball and rock charge 
estimates and feedsize estimate, see Figure 8.17. 
A further general comment is that since rock charge fraction ( Jr) is calculated by sub-
tracting ball charge fraction (Jb) from the total charge fraction (Jt) , it follows then that 
behaviour evident in either of the total or ball charge fraction estimates appears also in 
the rock charge fraction estimate. 
More specific observations on the sensitivity of the estimates to the model inputs are as 
follow (by model input): 
• Powerdraw: Referring to Figures 8.16 and 8.17, the movement of the total charge 
fraction ( Jt) and rock charge fraction ( Jr) estimates is negatively proportional to 
changes in powerdraw. The movement of the ball charge fraction (Jb) estimate is 
proportional. Table 8.1 contains the "sensitivities" of the estimates to powerdraw and 
the other model inputs. The sensitivities are calculated by dividing the range of the 
estimate by the range of the input. For example, for the total charge and powerdraw 
case, the input range of ± 10% equates to 484 kW. The resulting range in the total 
charge estimate (nominal value of 25%) of -19% (shown here in per cent volume 
rather than volumetric fraction). The sensitivity of the total charge fraction estimate 
to an increase of 100 kW in powerdraw is there will be a decrease in the total charge 
of 4% volume. 
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The sensitivities of the ball and rock charge fraction estimates to a 100 kW change 
in powerdraw are 2% and -6% volume, respectively. 
Taken in isolation, the magnitudes of the sensitivities appear near-credible. However, 
perhaps half of these figures is more realistic. The ranges exhibited in the estimates 
are of the same order of magnitude as their nominal values. The large sensitivities 
suggest the inferential models may be highly sensitive to changes in powerdraw, which 
was found to be the case in Section 6.2.3. Reinforcing this finding is that all of the 
changes take place concurrently. That is, a. 100 kW increase in powerdraw represents 
a 2% increase in ball charge volume and a 4% decrease in total charge volume (these 
in turn represent a 6% decrease in rock charge volume). Once again, figures half this 
magnitude would be more realistic, i .e. , an increase in powerdraw of 100 kW could 
be expected to result from a 1% increase in ball charge volume and a 3% decrease in 
rock charge volume (2% increase in total charge volume). 
This degree of sensitivity adds to the case for measurement filtering. The noise 
inherent in the measuring device plus the noise of the tumbling charge within the 
mill warrants significant filtering, e.g., a 5-minute moving average. The fact that the 
operating point does not move in large sudden steps has an attenuating effect on the 
sensitivities also. 
It should also be noted that an increase in powerdraw is likely to be accompanied by 
an increase in mill weight in the real plant. Therefore, changes in the charge estimates 
due to powerdraw changes would be tempered by changes in the mill weight. The 
sensitivities of the charge estimates to changes in mill weight are discussed below. 
The feedsize (Fso) estimate also exhibits a high degree of sensitivity to changes in 
powerdraw: a 100 kW change in powerdraw will result in a 20 mm change in feedsize 
estimate. A change in the feedsize estimate of between 2- 10 mm (10 - 50%) would 
be more realistic. 
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Table 8.1: SAG Mill Charge and Feedsize Model Sensitivities 
Total Charge, Jt Ball Charge, Jb Rock Charge, Jr 
Input Range Range ~ 6./nput Range ~ 6./nput Range 
f),.J 
Mnput 
(25%) (8%) (17%) 
Powerdraw 484 kW -19% -4% 11% 2% -30% -6% 
Weight 31 t 35% 1% -12% -0.4% 48% 2% 
scats 11 tjhr 0.2% 0.1% 0.0% 0.0% 0.0% 0.0% 
feedrate 50 tjhr 0 0 0 0 0 0 
H20 addition 18 m3/ hr 0 0 0 0 0 0 
Feedsize, Fso 
Input Range Range ~ p 
(27 mm) 
Powerdraw 484kW 72.9 0.2 
Weight 31 t -68.9 -2.2 
scats 11 t jhr 8.5 0.8 
feedrate 50 tjhr 0 0 
H20 addition 18 m3/hr 0 0 
-
• Weight: Referring to Figures 8.18 and 8.19, the movement of the total charge frac-
tion (Jt) and rock charge fraction (Jr) estimates is near-linearly proportional to 
changes in mill weight. The movement of the ball charge fraction ( Jb) estimate is 
near-linearly, negatively, proportional. Table 8.1 contains the "sensitivities" of the 
estimates to mill weight. The input range of± 10% equates to 31 t. The sensitivity 
of the total charge fraction estimate to an increase of 1 tonne in mill weight is an in-
crease in the total charge of 1% volume. The sensitivities of the ball and rock charge 
fraction estimates to a 1 tonne change in mill weight are - 0.4% and 2% volume, 
respectively. 
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These sensitivities to weight changes are more credible than those for powerdraw 
changes. Filtering the mill weight measurement to remove measurement noise and 
noise due to the tumbling charge is still warranted. A five-minute moving average 
could be applicable here. Further research could investigate the appropriate filtering 
for both the weight and powerdraw signals. 
The feedsize (Fso) estimate exhibits an unusual degree of sensitivity to changes in 
mill weight: a 1 tonne increase in mill weight will result in a -2 mm change in 
feedsize estimate. A decrease in feedsize generally accompanies a decrease in feed 
ore hardness. A decrease in mill weight would be expected as the rock charge would 
decrease since the rock breaks more easily. The behaviour of the estimate is unusual 
also and this will be discussed further in the next Section. 
• Scats: Referring to the left-hand-side of Figures 8.20 and 8.21, the mill charge 
estimates are affected only slightly by changes in the oversize crusher feedrate (scats). 
One wou,ld expect increased "scats" could reflect an increase in the rock charge, a 
decrease in the ball charge (by increased wear) and an increase in the total charge 
fraction overall, as is the case here. However, the "sensitivities'' here, see Table 8.1, 
are not attributed to such processing conditions. Here it it due to the nature of the 
models. The "scats" tonnage and an assumed particle size distribution are used in 
the estimate of the SAG mill discharge stream. The discharge stream affects the 
mill rock charge, which in turn, affects and feed estimates. Hence, changes in the 
"scats" cascade upstream through the mill charge inferential models to the feedsize 
inferential modeL 
There is near-linear proportionality in the movement of the feedsize model estimate 
with respect to "scats" movement. A 10 t / hr increase in scats will result in an 8 
mm increase in the feed Fso estimate. In the real plant an increase in "scats" would 
be expected with an increase in feedsize (and ote hardness) . The model captures 
this to degree in that with an increased "scats" tonnage, the SAG mill discharge 
stream, the mill rock charge and total f~ed and fresh feed estimates are all more 
coarse. However, the feedsize estimate is also influenced by the subtraction of the 
oversize crusher product from the total mill feed stream. The assumptions made 
for the oversize crusher product size distribution may result in a fine, closely-sized 
stream being subtracted from the total mill feed stream. Thus, rendering the fresh 
feed more coarse. Further research could investigate how the oversize product size 
distribution changes with "scate11 tonnage to check the validity of the crusher product 
size distribution assumptions. 
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Figure 8.18: Cause: Artificial disturbance of the SAG mill weight. Four model inputs held 
constant with mill weight ramping up and down (with capping at low mill weight). 
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and SAG mill water addition. Four model inputs held constant with the ramping up and down of 
oversize crusher feedrate, SAG mill feedrate and SAG mill water addition sequentially. 
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The construction of the feedsize model and the resulting propagation of "scat" and 
mill discharge and charge model results through to the feedsize estimate is a limitation 
and should be noted. However, in the absence of an online size measuring device, 
the feedsize model estimate could be utilised, particularly since changes in "scats" do 
not generally happen in isolation. The surrounding process condition changes would 
possibly attenuate this limitation. Further research could investigate this. 
• Feedrate: Referring to the central third of Figures 8.20 and 8.21, one can see that 
the feedrate has no effect on the mill charge or feedsize estimates. In practice, an 
increase in feedrate would result in an increase in mill weight and powerdraw, which 
would affect the mill ball, rock and total charges estimates. 
• Water addition: Referring to the right-hand-side of Figures 8.20 and 8.21, it is also 
evident that SAG mill water addition does not affect on the mill charge and fecdsize 
estimates. In practice, a decrease in water addition would result in an increase in 
mill weight and powerdraw, which would affect the mill ball, rock and total charges 
estimates. 
These latter two points appear to be at odds with the observations described in 
Section 8.1.3. The apparent conflict in findings can be explained by looking at the 
real plant situation. The increased mill feed density in the real plant was accompanied 
by increases in mill weight and powerdraw, which do have an impact on the inferential 
model estimates, as described above. In contrast, the changes made to the inputs in 
this Section were made in isolation. Hence, these changes do not reflect real changes 
in operating conditions. 
In this Section, the models were artificially excited and the cause, effect and sensitivity 
are described. In isolation, without an associated change in mill weight or powerdraw, the 
feedrate and water addition were found to have no affect on the mill charge and feedsize 
estimates. The oversize crusher feedrate (scats) was found to affect the mill charge and 
feedsize estimates but not as a reflection of process conditions. Rather, the nature of 
the construction of the model was found to be the cause of these relationships. This is 
considered a model limitation, which should be noted when dealing with the results. The 
mill weight and powerdraw were found to affect the mill charge and feedsize estimates. 
Filtering of these measurements was suggested to diminish the effect of noise. It was noted 
that the model sensitivity would be tempered by real process behaviour, where powerdraw 
changes are accompanied by mill weight changes. 
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8.2.2 Further Inferential Model Behaviour Analysis 
The behaviour of the inferential models observed in the previous Section, particularly 
during the artificial stimulation of the mill weight input , warranted further analysis. In 
this Section, the source of the unusual behaviour of the feedsize estimate is investigated. 
The nature of the mill charge estimates is examined and highlights the behaviour of the 
total charge estimate (Jt) in relation to the ball charge estimate (Jb)-
Feedsize inferential model 
As noted previously, the behaviour of the feedsize, F 80, inferential model is somewhat 
irregular. The feedsize estimate is at the end of a chain of calculations. The results of the 
calculations in the chain and assumptions made in them affect the feedsize estimate. 
Recalling from Chapter 5, that estimates of the primary cyclone feed and oversize crusher 
feed are added together to estimate the SAG mill discharge stream, see Section 5.1.1. The 
discharge stream is passed through the grate classification function to estimate the bottom 
of the SAG mill rock charge size distribution, the coarser size fractions estimated from 
extrapolation of a Rosin-Rammler size distribution, Section 5.1.2. 
The total, ball and rock charge fractions are estimated from the mill powerdraw and weight 
measurements in Section 5.1.3. From the rock and ball charge estimates, the breakage 
parameters are estimated. The SAG mill total feed is estimated using these parameters, 
the rock charge fraction and size distribution estimates and the SAG mill discharge stream 
estimate, see Section 5.1.4. 
Finally, an estimate of the SAG mill fresh feed is obtained by subtracting estimates of 
the oversize crusher product and primary cyclone underflow from the SAG mill total feed 
estimate, see Sections 5.1.5 and 5.1.6. 
All of these steps contain model inaccuracy and errors introduced by simplifying assump-
tions. Although the primary cyclones are several unit operations removed from the feed 
stockpile, the nature of the feedsize estimate model means that the primary cyclone streams 
(and all other streams between) influence the feedsize estimate. 
Considering this, the behaviour of the model variables during the weight excitation was 
further investigated. The specific comminution energy (Ecsi), high energy impact param-
eter (twJ and the breakage rates (ri) were plotted over the period that the mill models 
were undergoing weight excitation. 
Figures 8.22 and 8.23 show how the specific communition energy and high impact breakage 
parameter vary during the period of excitation of the mill weight. Apart from the capped 
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area, there is no real highlight to the curves. They both seem to exhibit fairly ordered 
behaviour. 
It is not until the plot of the breakage rates over this period is observed that something 
more striking is evident, see Figure 8.24. At the point when the mill weight was capped 
(prevented from going lower than approximately 160 t), the breakage rates were undergoing 
an order-of-magnitude change. 
Graphing the SAG mill discharge and SAG mill rock charge size distributions for reference 
(10:29 a.m.), high-powerdraw (10:47 a.m.) and low mill weight (12:47 p.m.) conditions, 
see Figures 8.25 and 8.26, respectively, illustrated that these streams were not actually 
changing during the mill weight and powerdraw excitations. Therefore, these streams were 
not contributing to the changes in the feedsize estimate. 
We see from Equation ( 5.22) that the feed estimate is a function of the appearance function 
(aij) and the breakage rate function (ri)· The appearance function is dependent on the 
specific comminution energy (Ecs) and the impact breakage parameter (t10). These were 
plotted for the reference (10:29 a.m.), high-powerdraw (10:47 a.m.) and low mill weight 
(12:47 p.m.) conditions, see Figures 8.27 and 8.28, respectively. 
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Figure 8.24: Breakage rates (r,:) during weight excitation. Order of magnitude changes 
occurring around weight capping at right. 
For the extreme conditions, both the specific comminution energy and .the impact breakage 
parameter are higher than for the reference conditions. The resulting appearance function 
would have smaller elements near the diagonal (the appearance function is a lower trian-
gular matrix), which translates to more breakage and a finer product . Applied in reverse, 
as is the case here, this translates to a coarser total SAG mill feed. Clearly there is an 
impact on the feed size estimate here. However, the changes in the specific comminution 
energy and impact breakage parameter do not appear to be major. The feedsize estimate 
behaved quite orderly when the ball charge estimate was less than the reference (starting 
point), see the periods of low mill powerdraw and high weight, see Figures 8.17 and 8.19, 
respectively. 
In Section 3.3.1, we note that the breakage rate equations (Equations 3.22 to 3.26) are 
all functions of mill ball charge fraction, Jb· As the ball charge estimate increases with 
mill weight, the breakage rates increase in an exponential manner. This suggests that the 
feedsize estimate will be strongly affected by the ball charge estimate. The breakage rates 
were plotted for the reference (10:29 a.m.), high-powerdraw (10:47 a.m.) and low mill 
weight (12:47 p.m.) conditions, see Figure 8.29. It is immediately clear that the breakage 
rates for the extreme conditions are markedly different to the reference case. 
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Figure 8.25: SAG mill discharge size distribution for reference, high-powerdraw and low 
mill weight conditions. Estimates are co-linear. 
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Figure 8.26: SAG mill rock charge size distribution for reference, high-powerdraw and low 
mill weight conditions. Estimates are co-linear. 
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Figure 8.27: Specific comminution energy (EC3) by size for reference, high-powerdraw and 
low mill weight conditions. Ordered behaviour. No remarkable features. 
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Figure 8.28: Impact breakage parameter (t10) by size for reference, high-powerdraw and 
low mill weight conditions. Ordered behaviour. No remarkable features. 
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Figure 8.29: Breakage rate (ri) by size for reference, high-powerdraw and low mill weight 
conditions. Large differences between estimates. Order of magnitude differences in places. 
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Figure 8.30: SAG mill total feed size distribution for reference, high-powerdraw and low 
mill weight conditions. Significant differences between estimates - as a result of the differing 
breakage rates. 
Chapter 8. Case Studies 267 
The effect of the different breakage rates on the SAG mill total feed is evident in Figure 8.30. 
The reference feedsize Fso estimate is 27 mm. If the estimate had held its level for the low 
mill weight conditions, see Figure 8.19, then for both extreme conditions, the feedsize Fso 
estimate is approximately 80 mm - a significant increase in estimate size. 
The source of the unusual behaviour of the feedsize Fso estimate is now evident. The 
high sensitivity to the SAG mill breakage rates is a concern and should be noted duely. 
This finding is consistent with the discussion of sensitivity of the dynamic SAG mill rock 
charge model to the breakage rates in Sections 4.2.3 and 6.5. Filtering the mill powerdraw 
and weight signals specifically for the feedsize estimate could reduce the impact of mea-
surement and process noise. A 15-minute rolling average could be utilised here. Feedsize 
changes typically occur over a longer time period, e.g., 15-30 minutes. Therefore, valuable 
information will not be lost whilst achieving a more reliable estimate. 
Mill charge inferential model 
In this Section, the nature of the mill charge estimates is examined and highlights the 
behaviour of the total charge estimate (Jt) in relation to the ball charge estimate (Jb) and 
the behaviour of the comparative uncertainties in the estimates. 
Four other reference operating points were selected arbitrarily from the plant data to 
encompass high and low mill powerdraw and mill weight, see Table 8.2. From each of 
these reference points, the mill powerdraw and weight were ramped up and down 10% 
to obtain powerdraw contours and weight contours in the total charge (Jt) - ball charge 
(J0) space. Figure 8.31 shows the contours for the reference conditions discussed in the 
previous Section, i.e., Powerdraw = 2422 kW and Weight = 172 t (14/ 10/ 97" 11:47 a.m.). 
Figure 8.32 shows the contours for all of the conditions listed in Table 8.2. 
The contours for constant weight are isolated in Figure 8.33, with the direction of increasing 
weight indicated. The contours of constant powerdraw are isolated in Figure 8.34, with 
the direction of increasing powerdraw indicated. 
The weight contours appear linear. However, the powerdraw contours are non-linear. The 
essential nature of the contours were explored using the symbolic manipulation capabilities 
of MATLAB. The mill weight residual (Equation (5.21)) and powerdraw residual (Equa-
tion (5.17)) were reduced to functions of only ball charge (Jb) and total charge (Jt). 
The weight contours were found to be linear as expected, see Equation (8.1). The pro-
portionality constant is between -1.7 and - 1.6. This slope is consistent with the slope 
proposed for Figure 8.7 in Section 8.1.1. The different "bands" could correspond in some 
way to the weight contours. As such, the contours could, therefore, correspond to different 
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ore hardness levels. FUrther investigation of this hypothesis could be the focus of future 
work. However, such research is beyond the scope of this work. 
Table 8.2: Mill Operating Conditions for Mill Charge Model Analysis 
Date 
09/ 10/97 
14/ 10/ 97 
11/ 10/ 97 
08/10/97 
10/ 10/ 97 
Time Weight Powerdraw Total Charge Ball Charge fu>ck Charge 
(t) (kW) Jt (fraction) Jb (fraction) lr (fraction) 
00:23 175 2415 0.27 0.07 0.20 
11:47 172 2422 0.25 0.08 0.17 
11:41 171 2461 0.21 0.10 0.11 
10:29 182 2666 0.25 0.11 0.14 
19:25 186 2974 0.19 0.16 0.03 
0.39 
0.36 t ___ ~ 
~~:0.....,....- ~ 
;o.~ ~~~~==~~~~;;;::=================== ~ 0.27 ~~========~~~~~;;,:~;======= ~ 0.24 .. '; 0.21 Cl !! 0.18 
~ 0.15 
~ 0.12 
OJB 
0.03 0.06 0.09 0.12 0.15 0.18 
Ball Charge Fraction, Jb 
I 
I 
Figure 8.31: Powerdraw and weight contours (mill powerdraw and weight ramped up and 
down 10%) for reference point 14/ 10/97 11:47 a.m.: 2422 kW, 172 t 
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Figure 8.32: Powerdraw .and weight contours (mill powerdraw and weight ramped up and 
down 10%) for the conditions listed in Table 8.2 
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Figure 8.33: Weight contours isolated from Figure 8.32 (mill powerdraw ramped up and 
down 10%). Mill weight increasing left to right . 
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Figure 8.34: Powerdraw contours isolated from Figure 8.32 (mill weight ramped up and 
down 10%). Mill powerdraw increasing left to right. 
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Figure 8.35: Essential nature of the powerdraw contour. Plots of Jt = a Jb- 0·5 and 
Jt = c Jb-1.s superimposed on the reference powerdraw contour. 
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The powerdraw contours are distinctly non-linear, see Equation (8.2). The polynomial in 
the numerator on the right-hand-side is a detailed function in Jb, eJb and the sine of these 
in various combinations. The plots of Jt = a Jb- 0·5 and Jt = a Jb- 1.5 were superimposed 
on the reference powerdraw contour, see Figure 8.35. (The values of the constants a and 
c were selected here to align the plots in the ball charge - total charge space and are not 
relevant in this discussion.) Of these two simplifications, the latter captures much of the 
curvature of the contour. For the powerdraw contour, total charge (Jt) can, therefore, be 
considered proportional to Jb- 1·5. 
Weight Contour : Jt ex: 
Powerdraw Contour: Jt ex: 
Jt ~ex: 
- Jb 
1 polynomial in Jb , eJ& & sin( Jb , eJ&) 
,fJb 0 Jb 
1 1 
.Jib 0 Jb 
(8.1) 
(8.2) 
(8.3) 
Recalling from Section 6.2.3 that the slope of the contours reflects the relative uncertainties 
in the estimates, see Equation (6.16). Therefore, for the weight contour, the uncertainty in 
the total charge estimate (8Jt) remains constant in relation to the uncertainty in the ball 
charge estimate (8Jb), see Equat ion (8.4) . The uncertainty in the total charge estimate is 
between 1.6 and 1.7 times large than the uncertainty in the ball charge estimate. 
For the powerdraw contour, the uncertainty in the total charge estimate (r5Jt) varies in 
relation to the uncertainty in the ball charge estimate (oJb)· The uncertainty in the total 
charge estimate (8Jt) increases with respect to the the uncertainty in the ball charge 
estimate (8Jb) the higher the total charge is above the the ball charge, i.e., increasing 
slope. Differentiating the approximate relationship between the charge estimates described 
by Equation (8.3), yields an approximate, quantitative measure of how the comparative 
uncertainties change with ball charge fraction, see Equation (8.5) . 
Weight Contour: H; = constant ( -1.7 to - 1.6) 
Powerdraw Contour : §.h. ex: J- 2.5 {JJb b 
(8.4) 
(8.5) 
The reference powerdraw contour is plotted in Figure 8.36 with the approximation of the 
contour ( Jt = a Jb- 1.5 ) and the derivative of the approximation ( dJt / dJb = c Jb- 2 ·5). 
The values of the constants a and c are now relevant to the discussion. The value of 
a (1/200 = 0.005) was selected, non-rigorously, by trial-and-error to obtain a reasonable 
fit (by eye). Through differentiation the absolute value of constant c is, therefore, equal 
to 3/ 400 = 0.0075. The relative uncertainty in the total charge to the uncertainty in 
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the ball charge may now be easily calculated. (The derivative of the approximation in 
Figure 8.36 has been scaled to fit in to the ball charge - total charge space.) Table 8.3 
contains a selection of calculated comparative uncertainties. For a low ball charge estimate 
(Jb) of 0.08, the relative uncertainty of the total charge estimate (Jt) is eight (8 = 4/ 0.5) 
times higher than the relative uncertainty of the total charge estimate for a high ball charge 
estimate of 0.18. The uncertainties in the estimates are approximately equal for ball charge 
estimates around 0.14. 
Further research could include a more formal model fitting of the approximation of the 
contour, to improve the estimate of the relative uncertainties in the estimates. 
The nature of the mill charge estimates has been examined. As has the behaviour of the 
relative uncertainty in the estimates. For the weight contour (varying powerdraw): 
• the total charge estimate ( Jt) has been found to be directly proportional to the ball 
charge estimate ( Jb) 
• the uncertainty in the total charge estimate (tSJt) remains constant with respect to 
the uncertainty in the ball charge estimate (oJb) 
For the mill powerdraw contour (varying weight): 
• the total charge estimate ( Jt) has been found to be approximately proportional to 
the inverse of the ball charge estimate to the power of 1.5 ( Jb- l.S) 
• the uncertainty in the total charge estimate (t5Jt) varies with respect to the uncer-
tainty in the ball charge estimate (t5Jb according, approximately, to the function 
cJ- 2.5 
b 
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Figure 8.36: Powerdraw contour, Contour approximation (Jt 
of approximation ( dlt / dJb = c Jb- 2·5 ) . 
a Jb- 1.5 ) and Derivative 
Table 8.3: Comparative Uncertainty in Total Charge 
Ball Relative 
Charge Uncertainty 
Jb ~ b 
(fraction) (-) 
0.08 4.1 
0.09 3.1 
0.10 2.4 
0.14 1.0 
0.15 0.9 
0.18 0.5 
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8.2.3 Model Characteristics in a MVC context 
In this Section, the nature of the mill charge estimates is utilised to generate a SAG mill 
operating curve, which is discussed in the context of mill charge control. The powerdraw 
and weight contours have been useful in examining the nature of the inferential charge 
models (and the behaviour of the relative uncertainty in the estimates). They also have 
utility in relation to a multiple variable (MVC) controller. The development of a MVC 
controller is discussed in Section 8.3. The controller rate-of-change (ROC) coefficients are 
listed in Table 8.8. For ease of reference, the relevant ROC coefficients are shown here in 
Table 8.4. Since the total charge is the addition of the rock and ball charges, the ROC 
coefficient for a given manipulated variable is calculated from the addition of the ROC 
coefficients for ball charge and rock charge. 
Table 8.4: Rate of Change Coefficients and Control Action Contour Slopes 
Control Variables Contour 
Manipulated Ball Charge Rock Charge Total Charge Slope 
Variable Jb Jr Jt ( = Jb + Jr) ~Jt b 
Feedrate, SMFF -8E-06 0.037 0.037 -4906 
Ball Addit ion, SM BA 0.013 -0.312 -0.299 -23.5 
The feedrate and ball addition are the two manipulated variables (MVs) that affect the 
mill charge fractions. Control-action contours for each of the MV s can be calculated from 
the ROC coefficients. For feedrate, if we assume the ball addition remains constant, then 
the slope of control-action contours for feedrate in the total charge - ball charge space is 
calculated by dividing the total charge ROC coefficient by that of the ball charge, see 
Table 8.4. As long as the units for the ROC coefficients are consistent, the actual units are 
not crucial because they cancel out. By assuming feedrate remains constant, the control-
action contour slopes for b~ll addition may be calculated similarly. 
The control-action contours may be super-imposed on the total charge fraction versus ball 
charge fraction plots, see Figure 8.37. The near-vertical (slope: -4906) line is a feedrate 
contour. Feedrate changes have little effect on ball charge but a large effect on rock charge 
and, therefore, total charge. 
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Figure 8.37: Control-Action Contours super-imposed on the reference mill powerdraw and weight 
contours. Feedrate control-action contour near-vertical (slope: -4906). Ball additiqn control-
action contour has slope -23.5. Movements A - F explained in Table 8.5. 
Table 8.5: Controller Moves in Jt - Jbfor Figure 8.37 
A ---+ B ---+ C Objective: Increase ball charge and total charge 
Controller moves: Increase feedrate (A---+ B) and Increase 
ball addition (B ---+ C) 
A---+D 
Powerdraw-weight: Increased powerdraw - Increased 
weight 
Objective: Decrease total charge (rock charge) while main-
taining ball charge 
Controller moves: Decrease feedrate 
Powerdraw-weight: Decreased powerdraw - Decreased 
weight 
A---+ E---+ F Objective: Increase total charge and decrease ball charge 
Controller moves: Decrease ball addition (A ---+ E) and 
Decrease feedrate (E ---+ F) 
Powerdraw- weight: Increased powerdraw - Increased 
weight 
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The other steep line (slope: -23.5) in Figure 8.37 is a ball addition contour. Ball addition 
changes clearly affect the ball charge. They also affect the total charge because the ball 
charge affects the rock charge. For example, increasing the ball addition, increases the 
ball charge, which decreases the total charge because it decreases the rock charge through 
breakage. Note that this contour has been placed to show the slope of the contour on the 
plot. The contour should not extend below the Jt = Jb line (not shown) as it does in this 
diagram. 
Also shown in Figure 8.37 is a number of arrows connecting points labeled A - F. These 
can be considered as controller moves, as detailed in Table 8.5. For example, increasing the 
ball charge and total charge (moving from A- C), is achieved through two control moves. 
Firstly, an increase in feedrate increases the total charge (by increasing the rock charge) 
with a near-zero decrease in ball charge (moving from A - B). Secondly, an increase in 
ball addition increases the ball charge with a decrease in total charge due to increased 
breakage of the rock charge (moving from B - C). The overall result is an increased ball 
charge and and an increased rock charge (with an increase in mill weight and an increase 
in powerdraw). 
Plotting the control moves in the two-dimensional charge fraction space (Jb, Jt) and de-
scribing what is happening to the powerdraw and weight is not ideal for visualisation of 
what is occurring. The four-dimensional space may be reduced to a three-dimensional 
space by multiplying the prevalent powerdraw and weight signals together for each ball 
charge fraction, total charge fraction pairing ( Jb, Jt). The powerdraw and weight contours 
may be expanded into the three-dimensional space by mutiplying these by the prevailing 
weight or powerdraw. 
Three sets of operating conditions were selected from Table 8.2 - the first and last two 
rows. These conditions were selected because they are close together in time and display 
a trend, which is beneficial for clarity of plotting and is consistent with the proposal that 
they are for a constant ore hardness. The complement of this proposal is that the other 
conditions in Table 8.2 are for situations of different ore hardness. To fully investigate this 
hypothesis is not feasible here, nor is it in the scope of this research. However, it could 
be the topic of future research. The Logshcct and Shift Communication Book entries for 
Afternoon Shift 11 October 1997 onwards certainly support an ore hardness change, as the 
feed tonnage is backed off by 35 t / hr and feeders start "hanging up", see Appendix D. 
The three sets of operating conditions are plotted on Figure 8.38 and form an operating 
curve in the ( Jb , Jt, Powerdraw - Weight) space. The powerdraw and weight contours 
are plotted in this space also and now form intersecting powerdraw and weight surfaces, 
respectively. 
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Figure 8.38: SAG mill operating curve, Powerdraw contours & Weight contours in the 
Jb - lt - Powerdraw · Weight space 
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Taking a position normal to the ball charge fraction - total charge fraction plane and 
plotting the control-action contours results in Figure 8.39, which is another version of 
Figure 8.32. The three operating conditions that make the operating curve did not occur 
in a left-to-right sequence. The central point is the first set of conditions in time, the left 
point is the second and the right point is the third. 
Moving from the central point to the left point would require decreases in feedrate and ball 
addition. The time between these two conditions is approximately 14 hours. To achieve 
the second set of condit ions, the controller would have made multiple moves in feedrate 
and ball addition (in contrast to one large decrease in feedrate and one large decrease in 
ball addition rate). One can imagine these moves as a saw-tooth profile moving right-to-
left, above the operating curve from the central point to the left point. The segments that 
make up the "saw-tooth" would be parallel to the control-action contours. 
Moving the operating conditions from the left point to the right point, the controller moves 
would make a saw-tooth profile moving left-to-right, below the operating curve (increases 
in ball addition and increases in feedrate). The time between these two condit ions is 
approximately 43 hours. 
It is not p ossible to validate the proposed controller moves against the actual process since: 
1. The controller and process it controls are simulations. 
2. The controller assumes the SAG mill is a purely integrating vessel. Whilst this is 
true overall, there is also some first-order plus dead time behaviour exhibited by the 
real plant, particularly for the rock (and total) charge, that this simplification does 
not capture. 
3. The simulation occurs over a time frame of minutes rather than hours 
4. The MV of SAG mill ball addition (SMBA) does not exist in the real plant. Grinding 
balls are batch-fed to the mill as dictated by the operator. 
However, the following points illustrate that overall the controller moves would have been 
consistent with what actually took place in the plant: 
Central-to-Left Point: During the 14-hour period there was no ball charging (ef-
fectively a ball addition decrease) and the weighted-average of the nine (9) feedrate 
changes is - 25 t j hr (a feedrate decrease). 
Left-to-Right Point: During the 43-hour period three batches of grinding balls 
were charged to the mill (a ball addition increase) and the weighted-average of the 
forty (40) feedrate changes is+ 95 t/ hr (a feedrate increase) . 
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Figure 8.40: SAG mill operating curve, Powerdraw contours, Weight contours and Control-
Action contours in the Jb - Jt - Powerdraw · Weight space - View 1 
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Figure 8.41: SAG mill operating curve, Powerdraw contours, Weight contours and Control-
Action contours in the Jb - Jt - Powerdraw · W eight space - View 2 
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Further research could investigate control actions of a real controller in relation to the 
operating curve. Figures 8.40 and 8.41 are alternative views of operating curve in the 
( Jb, Jt, Pawerdraw · Weight) space with the control-action contours also shown on the 
Jb - Jt plane. 
In this Sub-section a SAG mill operating curve, along with the mill weight and powerdraw 
contours, has been projected into the ( Jb, Jt, Pawerdraw · Weight ) space. This has 
eased visualisation of the interrelations of the mill charge fractions and powerdraw and 
weight measurements. Control-action contours, of the MVC controller developed in the 
next Section, were superimposed, which has furthered the understanding of how control 
actions could move the process along the operating curve. 
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The preceding discussion has illustrated the cause of the unusual behaviour exhibited by 
the inferential measurement models, developed in Chapter 5, first noted when the oversize 
crusher went off-line and the mill charge density was increased. 
Further sensitivity analysis highlighted the behaviour of the charge estimates in relation 
to the mill powerdraw and weight measurements. The oversize crusher feedrate (scats) 
was found to affect the mill charge and feedsize estimates due to the nature of model 
construction. This is considered a model limitation, which should be noted when dealing 
with the results. Additionally, the feedsize F 80 estimate was found to be highly sensitivity 
to the breakage rates used in the SAG mill total feed estimate. FUrthermore, the breakage 
rates are dependent on the ball charge estimate, which is dependent on the mill powerdraw 
and weight measurements. 
The nature of the mill charge estimates and the behaviour of the relative uncertainty in the 
estimates has been examined. For the weight contour (varying powerdraw), the total charge 
estimate (Jt) has been found to be directly proportional to the ball charge estimate ( Jb). 
This translates to the uncertainty in the total charge estimate (OJt) remaining constant 
with respect to the uncertainty in the ball charge estimate (oJb)· For the mill powerdraw 
contour (varying weight), the total charge estimate (Jt) has been found to be approximately 
proportional to the inverse of the ball charge estimate to the power of 1.5 (Jb- 1.5). This 
translates to the uncertainty in the total charge estimate (OJt) varying with respect to 
the uncertainty in the ball charge estimate (oJb according, approximately, to the function 
cJb- 2.5_ 
Placement of the operating curve in the ( Jb, Jt, Powerdraw · W eight ) space eased 
visualisation of the interrelations of the mill charge fractions and powerdraw and weight 
measurements. Superimposing control-action contours of the MVC controller developed 
in the next Section furthered the understanding of how control actions could move the 
process along the operating curve. 
The fitting of the approximation of the mill powerdraw contour (for improved estimation 
of the relative uncertainties in the charge estimates), investigating the dependence of the 
operating curve on ore hardness, and, investigation of control actions of a real controller 
in relation to the operating curve are possible avenues to progress research in this area. 
The next Section discusses how the inferential measurement models developed in Chapter 5 
can be incorporated in an advanced process control structure for setpoint and constraint-
control. 
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8.3 Inferential Measurement Model Implementation: A simulation 
To place the utilisation of the inferential measurement models into context, the develop-
ment of a multi-variable controller simulation was embarked upon. The simulation was 
conducted using Connoisseur, the multi-variable, model-predictive control package of the 
process control hardware and software company Invensys. 
Table 8.6: Plant Transfer Functions A 
(1) (2) (3) 
Manipulated & SAG Mill SAG Mill Primary Cyclone 
Feedforward Feedrate Water Addition Water Addition 
Variables SMFFtphs SMFW PCFW 
[ 225 (t/ hr) 1 [ 75 (m3 / hr) 1 [ 90 (m3 / hr) 1 
Controlled Variables 
(1) Mill Weight, SMwt 0.30 e-6 • so~ + 1 
[ 185 (t) 1 
(2) Mill Power, SMkw 9.0 e-5 • 50.9 + 1 
[ 2,825 (kW) ] 
(3) Rock Charge, Jr 0.21 e-&• 30s + 1 
[ 12 (%) 1 
(4) Ball Charge, Jb - 0.022 e- 5 • 40s + 1 
[ 12 (%)] 
(5) Scats, OSCFtph" 1.66 e- 1• 64s + 1 
( 80 (t/ hr) ] 
(6) 1° Cyclone Flowrate, PC F Dm3ph 3.86 e-10' 4.11 e-2 • 1.25 e - 4 • 42s + 1 Bs + 1 2s + 1 
[ 440 (m3 /hr) I 
(7) 1° Cyclone Density, PCFD%s_w/w 0.10 e- 10• -0.012 e- 1 • -0.13 e-2 • 42 .. + 1 8s + 1 2s + 1 
[ 45 (%solids w/ w) 1 
(8) SAG Discharge Transfer Size, T 80 0.09 e-8 • -62s + 1 
[ 13 (mm) ] 
(9) SAG Feed Density, SMTF%s w/w 0.08 e - &• - 0.23 e- 2• 2s + 1 2s + 1 
[ 72 (% solids w/w) ] 
(10) Total Circuit Water, H20Toto.l - 1.0 e- 2 • 1.0 e-2 • 2s + 1 2s + 1 
( 165 (m3 / hr) ) 
Chapter 8. Case Studies 283 
Table 8.7: Plant Transfer Functions B 
(4) (5) 
Manipulated & SAG Mill Ball Feed 
Feedforward Ball Addition Size 
Variables SMBA Fso 
1 2.5 (t/hr) 1 ( 65 (mm) I 
Controlled Variables 
(I) Mill Weight, SMwt 1.81 e-2 • 0.016 e-l:>• 13s + 1 1s + 1 
1 185 (t) 1 
(2) Mill Power, SMkw 84.4 e-2 • 0.67 e-2 • 133 + 1 12s + 1 
[ 2,825 (kW) I 
(3) Rock Charge, Jr - 1.96 e- 2 • 0.046 e- 2 • 13s + 1 l5s + 1 
[ 12 (%) J 
(4) Ball Charge, Jb 1.21 e-2• -0.022 e-5 • 13s + 1 40s + 1 
[ 12 (%) I 
(5) Scats, OSCFtphs 3.01 e-5 • -0.13 e-5 • l3s + 1 '2s + 1 
[ 80 (t/hr) I 
(6) 1° Cyclone Flowrate, PCFDm3ph -38.7 e - 5 • -1.77 e-7 • 13s + 1 2& + 1 
[ 440 (m3 /hr) 1 
(7) 1° Cyclone Density, PCFD%s_w/w 0.41 e-5 • -0.041 e-2 • 138 + 1 7ll + 1 
[ 45 (%solids w/w) 1 
(8) SAG Discharge Transfer Size, Tso 1.50 e-5 • 0.024 e-11• 13s + 1 19s + 1 
[ 13 (mm) 1 
(9) SAG Feed Density, SMTF%s_w!w 
[ 72 (%solids w /w) 1 
(10) Total Circuit Water, H 20Total 
( 165 (m3 /hr) I 
The interactions between variables in primary and secondary milling circuits, real and 
simulated, may be characterised by transfer functions (Radhakrishnan, 1999; Freeman et 
al., 2000a; Ivezic and Petrovic, 2003; Apelt, 2004; Ramasamy et al., 2005). The plant 
data and inferential measurement model results discussed in Section 8.1 were analysed to 
determine estimates for the interactions between key variables. A matrix of ten (10) 
controlled variables ( CV s) by five ( 5) manipulated variables ( MV s) and Feed-forward 
variables (FVs), i.e., 10 x 5, defines the controller structure. The results of the analysis 
of the plant interactions are contained in Tables 8.6 and 8.7. 
Chapter 8. Case Studies 284 
Each process interaction was approximated by a first-order plus time-delay transfer (FOPTD) 
function. Such an approximation is satisfactory for process variables that are not integrat-
ing by nature, such as tank levels. The approximation can successfully be applied in 
real-plant situation, as seen in Freeman et al. (2000) . 
Experimenting with a simulation based on FOPTD models gave unsatisfactory (unrealis-
tic) results. The simulation was predicting the asymptotic approach to a new steady-state 
process value (characteristic of a FOPTD model) for the rock charge, regardless of the 
starting conditions. For certain conditions this would occur but not across the full range 
of possible conditions. For example, for high rock (and total) charge levels and a con-
stant moderate ball charge level, an increase in feedrate would cause the mill to overload 
(from rock charge integration). The FOPTD transfer function does not capture changing 
breakage rates (for the rock contents) and changing wear rates (for the grinding charge 
contents) for different operating conditions. Therefore, since the different operating condi-
tions cause different behavior in the SAG mill charge levels, the FOPT D approximation 
is not satisfactory. 
Therefore, the SAG mill was modelled as an integrator for rock and grinding media. The 
in-flows are the mill ore feed and the ball addition rate. The out-flows are the rock charge 
breakage and the ball charge wear. An isolated increase in either the feedrate or the ball 
addition rate will cause either the rock charge or ball charge, respectively, to increase 
monotonically until mill over-load. (This is effectively true for the ball charge but only 
an approximation for the rock charge.) The asymptotic approach to a new steady-state 
process value, characteristic of a FOPTD transfer function, will not eventuate for the ball 
charge and rarely for the rock charge. 
To address this issue, the CV s in Tables 8.6 and 8.7 that relate to the integrating nature 
of the SAG mill, namely the mill weight, powerdraw, rock charge and ball charge, were 
modelled as integrators. In the Connoisseur environment, integrators are modelled by way 
of rate-of-change (ROC) models. The ROC coefficients are calculated using Equation (8.6). 
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Rangecv 
ROCcv = 
where 
ROCcv 
PI 
Rangecv 
Time Conversion 
cv 
MV 
~MV 
= 
* Time Conversion * ~MV PI 
Rate of change of the CV (CV units per PI) 
Prediction Interval (time units) 
CV range over the vessel volume (CV units) 
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(8.6) 
Conversion factor for MV time units to PI units (time over 
time) 
Controlled Variable (-) 
Manipulated Variables (-) 
The change in the MV that causes the change in CV (-) 
Table 8.8 contains the ROC coefficients utilised in this simulation. The coefficients were 
either calculated from first principles or from the plant data and results presented in 
Section 8.1. For example, ball addition, SMBA (t/ hr) can be translated into a volumetric 
rate based on ball specific gravity and voidage, which can in turn be translated into a ball 
charge change based on the mill dimensions. A first principles determination. 
The ROC coefficient for ball addition (SMBA) to rock charge (Jr), on the other hand, is 
derived from the data. An increase in the ball charge level causes a decrease in the rock 
charge level, observed from the data. The increase in ball charge level may be translated 
to a ball addition rate, by the reverse procedure of the previous example. 
Further elaboration about the determination of the ROC coefficients is both somewhat 
tedious and outside the focus of this research. Therefore, it will not be undertaken here. 
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Table 8.8: Rate of Change Model Coefficients 
Relationship ROC Notes 
(a) SMFF -.. SMwt 0.025 (t/min) Accumulating rock charge increases mill 
weight 
(b) SMFF ---+ SMkw 0.782 (kW / min) Accumulating rock charge increases mill pow-
erdraw 
(c) SMFF ---+ Jr 0.037 (%/min) Extra feedrate increases rock charge 
(d) SMFF -.. Jb -8e-6 (%/min) Ball charge wear caused by extra feedrate 
(e) SMBA ---+ SMwt 0.024 (t/min) Extra ball addition increases mill weight (in-
creased ball charge and rock charge reduction) 
(f) SM BA ---+ SMkw 2.606 (kW / min) Accumulating ball charge increases powerdraw 
(g) SMBA ---+ Jr -0.312 (%/min) Rock charge breakage due to Increasing ball 
charge 
(h) SMBA ---+ Jb 
(i) Fso ---+ SMwt 
(i) Fso -.. SMkw 
(k) Fso -+ Jr 
(1) Fso -.. Jb 
0.013 (%/min) 
0.025 (tjmin) 
Extra ball addition increases ball charge 
Larger (harder) feed rocks increase rock 
charge and mill weight 
0.719 (kW /min) Increased rock charge causes powerdraw in-
0.037 (%/min) 
-8e-6 (%/min) 
creases 
Larger (harder) feed rocks increase rock 
charge 
Ball charge wear caused by increased rock 
charge 
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With the transfer functions and ROC coefficients in hand, development of a model pre-
dictive controller (MPC) progressed according to the structure shown in Figure 8.42. 
Controlled variables 
SAG Mill Weight 
SAG Min Powerdraw 
SAG MiB Rock Charge 
SAG Mill Ball Charge 
OIS Crusher Feed 
1° Cyclone Feed Flow 
1° Cyclone Feed Density 
Transfer Size 
SAG Mia Feed Density 
Total CirC\.it Water Flow 
Feedforward 
Variables 
Feedsiza 
SAG Mill 
MVC 
Controller 
ManipUlated Variables 
SAG Min Feedrate 
SAG Mill Feed Water Addition 
Cyclone Feed Water Addition 
SAG Mill Ball Addition 
Figure 8.42: Model predictive controller structure. 
For the purpose of MPC performance assessment, a simulation PID controller was also 
developed. The structure of the PID controller is shown in Figure 8.43. The PID controller 
manipulates the SAG mill feedrate to control the mill powerdraw. 
Controlled Variables 
SAG Mill Powerdraw 
SAG Mill 
PID 
Controller 
Manipulated Variables 
SAG Mill Feedrate 
Figure 8.43: Simulation PID controller structure. 
The simulation study comprised the introduction of a disturbance in the feed size (Fso), 
which can occur in its own right but is usually associated with a disturbance in the ore 
hardness. Generally, the harder the ore, the more coarse the feed ore and thus, the larger 
the Fso· 
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The FV is stepped up ten (10) times from 65 mm to 70 mm. The elevated Fso is held for 
a period before the disturbance is reversed, returning the Fso to its original level. 
The model predictive controller was configured to utilise the inferential measurement mod-
els developed in this research. The ball charge (Jb) and rock charge (Jr) were specified to 
be setpoint controlled CV s. The transfer size (T80) was specified as a constraint-controlled 
CV. That is, the MPC would let its value take whatever value it took as long as it was 
between specified high and low limits. The remaining CV s were also specified as constraint-
controlled CV s with various priority levels. This configuration ensured that the controller 
was not over-specified and had the flexibility to achieve the control objectives. Due to ob-
vious impact the violation of the high constraint would have, the constraint-control of the 
powerdraw was given the highest priority. Adherence to the ball charge setpoint was given 
the same priority. The rock charge setpoint and the other constraint-controlled variables 
were assigned lower priorities. 
Figure 8.44 shows the open-loop and closed-loop behaviour of the rock charge. A close-up of 
the closed-loop behaviour is given in Figure 8.45, which show that rock charge is maintained 
between ~ ±0.2% from setpoint. The PID controller is actually controlling powerdraw not 
weight. However, as both variables are highly correlated, control of powerdraw brings mill 
weight under a degree of control. 
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Figure 8.44: Simulated Plant Results: Open and Closed-loop rock charge behaviour. 
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Figure 8.45: Simulated Plant Results: Closed-loop rock charge behaviour. 
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The movements made to the feedrate MV is shown in Figure 8.46. The behaviour of 
the MPC and PID controllers are not markedly different. The predominant difference in 
behaviour is in the PID controller moving the feedrate before the the MPC moves the 
fcedrate, and that the PID movement follows an overshoot-with-trim type of shape. 
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Figure 8.46: Simulated Plant Results: Closed-loop feedrate behaviour. 
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Figure 8.47 illustrates the open and closed-loop behaviour of the SAG mill ball charge. The 
PID response is essentially constant, lying virtually concurrent with the 12.0% grid-line. 
The high level of setpoint control achieved by the MPC here ~ ±0.005%, compared to the 
setpoint control of the rock charge, is on account of the higher priority placed on the ball 
charge setpoint control. The open and closed-loop manipulation of the ball addition rate 
is shown in Figure 8.48. Since, there is no manipulation of the ball addition rate in the 
PID and Open-loop scenarios, the ball addition rate is a constant 2.5 t/ hr in these cases. 
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Figure 8.47: Simulated Plant Results: Open and Closed-loop ball charge behaviour. 
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Figure 8.48: Simulated Plant Results: Open and Closed-loop ball addition behaviour. 
Powerdraw is a constraint-controlled variable in the MPC, while it is the CV for the PID 
loop. The open loop behaviour of the powerdraw is shown in Figure 8.49. The closed-loop 
behaviour is shown in Figure 8.50. In these results is the most obvious difference in the 
behaviour of the close-loop controllers. The PID controller does not hold the powerdraw 
tightly to the setpoint of 2,825 kW. In contrast, the model predictive controller holds the 
powerdraw firmly at 2,825 kW. Since the powerdraw is a constraint-controlled CV in the 
MPC, the fact that the powerdraw is held at 2,825 kW is a consequence of the high priority 
placed on the observance of the powerdraw constraints and the controller trying to achieve 
the other control objectives, such as ball charge setpoint controL 
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Figure 8.49: Simulated Plant Results: Open-loop powerdraw behaviour. 
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Figure 8.50: Simulated Plant Results: Closed-loop powerdraw behaviour. 
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Figure 8.51 shows the open-loop behaviour of the mill weight.Mill weight is a constraint-
controlled variable in the MPC. Since, weight is closely correlated to mill powerdraw, 
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control of the latter results in good control of the former also. Figure 8.52 illustrates the 
closed-loop behaviour of the mill weight. 
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Figure 8.51: Simulated Plant Results: Open-loop weight behaviour. 
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Figure 8.52: Simulated Plant Results: Closed-loop weight behaviour. 
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Figure 8.53 shows the open and closed-loop behaviour of the transfer size, Tao· Neither of 
the closed-loop controllers attempt to control the t ransfer size to a setpoint. The multi-
variable controller (MVC) does, however, control the transfer size within the low (11 mm) 
and high (13 mm) constraints. 
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Figure 8.53: Simulated Plant Results: Open and Closed-loop Tao behaviour. 
Overall, the performance of model-predictive (mult i-variable) controller is superior to that 
of the PID controller. The superiority in this simulation study is only slight however. This 
marginal difference is attributable to the fact that the PID controller is the "perfect" PID 
controller in that it was modelled, tuned and implemented in Connoisseur. The difference 
in performance would be greatly magnified in a real-plant application. 
The marginal difference in the manipulation of the SAG mill fresh feed (SM F F) in Fig-
ure 8.46, for example, represents a 0.1% increase in production achieved by MPC. Based 
on a nominal copper price of US$920 per tonne and assumptions on mill availability and 
copper recovery, this equates to ~ US$18,500 per annum. Typical production increases 
from MPC implemented at well instrumented and controlled operations, such as North-
parkes Mines, are 1- 2%. Increased yearly revenue of between US$180,000 and US$250,000 
per annum makes it somewhat easier to make the economic case for the implementation 
of advanced process control. 
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The preceding discussion has illustrated that the inferential measurement models developed 
in Chapter 5 can be incorporated in an advanced process control structure for setpoint or 
constraint-control. Research in this area could be progress through the further investigation 
of the use of the proposed model-predictive controller in conjunction with an optimiser, 
which would set the process setpoints based on certain economic criteria. Invest igation of 
other controller configurations could also be undertaken. 
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8.4 Summary 
In this Chapter, the inferential measurement models developed in Chapter 5 were further 
validated and analysed against Northparkes Mines plant data from October 1997. The 
model results exhibited good agreement with the plant data and observations. The novel 
inferential models developed by this research were thus deemed valid. Unusual operating 
conditions produced unusual results from the models. However, this characteristic could 
potentially be utilised in a plant monitoring/ diagnostic capacity. 
The unusual behaviour was investigated with the artificial stimulation of the models and 
further sensitivity analysis. The mathematical construction of the model means the oversize 
crusher feedra te (scats) affects the mill charge and feedsize estimates. This is considered 
a model limitation, which should be noted when dealing with the results. 
The feedsize F 80 estimate was found to be highly sensitivity to the breakage rates, which are 
dependent on the ball charge estimate, which, in turn, is dependent on the mill powerdraw 
and weight measurements. 
The nature of the mill charge estimates was investigated and utilised to generate contours 
for the mill weight and powerdraw and a SAG mill operating curve. Sensitivity analysis 
of the contours was also presented. The SAG mill operating curve was discussed in the 
context of mill charge controL 
Possible areas for further research include: the fitting of the approximation of the mill 
powerdraw contour (for improved estimation of the relative uncertainties in the charge 
estimates) , investigation of the dependence of the operating curve on ore hardness, and, 
investigation of control actions of a real controller in relation to the operating curve. 
The inferential measurement model results were u tilised to generate an advanced process 
control simulation environment within Connoisseur. Controller performance was assessed 
against a the base performance of a PID controller. Further investigation of the use of the 
advanced controller in conjunction with an optimiser and other controller structures are 
avenues for potential future work. 
The generation of a simulation test-bed for SAG mills from transfer functions is not inno-
vative in itself. However, the use of the novel inferential measurement models developed 
in this research is innovative. Other innovations resulting from this work are: 
• the use of integrating models for the SAG mill rock and ball charges, weight and 
powerdraw in the controller development modelling 
• the 10 x 5 controller structure utilised 
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The innovations resulting from this Chapter are summarised in Table 8.9. 
Section 
Section 8.1 
Section 8.2 
Section 8.2 
Section 8.2 
Section 8.3 
Section 8.3 
Section 8.3 
Table 8.9: Chapter 8 Innovation Summary 
Innovation 
The generation, presentation and discussion of the validation results for 
the novel inferential measurement models developed in this research. 
The sensitivity analysis of the charge and feedsize inferential models and 
the description of nature of the models. 
The construction of the mill weight and powerdraw contours and the 
development and presentation of the SAG mill operating curve in a mill 
charge fraction- kilowatt·tonne space. 
The discussion of the contours and operating curve in the context of mill 
charge control. 
The formulation of a model predictive controller that utilises the novel 
inferential measurement models developed in this research. 
The integrating models for the SAG mill weight, powerdraw and rock 
and ball charges in the controller development modelling. 
The 10 x 5 controller structure utilised in testing a potential implemen-
tation configuration. 
Chapter 9 
Conclusion 
This Chapter provides a summary of the Thesis. A synopsis of the preceding Chapters 
is provided in Section 9.1. The accomplishments of this research is given in Section 9.2, 
where a summary of the contribution this research makes is also provided. In Section 9.3 
the thesis is brought to a close with some discussion of future work and recommendations. 
9.1 Synopsis 
Chapter 1: The influence of ball charge, rock charge and feed properties on SAG mill 
performance and the difficulty in their direct measurement were introduced in Chapter 1. 
The Northparkes Mines Module 1 grinding circuit was described with mention of the various 
difficulties associated with circuit operation and control. Northparkes Mines personnel 
were consulted regarding grinding process bottlenecks which were aligned with research 
capabilities. The focus that stemmed from this interaction was the inferential measurement 
modelling of the following SAG mill parameters: 
• ball charge (Jb) and total charge (Jt) levels, 
• mill feed rate and size distribution, and, 
• mill discharge rate and size distribution. 
Chapter 2: Chapter 2 presented a summary of the literature relevant to delineating the 
current state-of-the-art for SAG mill parameter measurement and establishing the context 
and focus of this research. Whilst the significant extent and progress of research and 
technological development in this area is acknowledged, the scope for further advances is 
outlined, namely, 
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• estimates of ball charge (Jb) and total charge (Jt) levels may be determined simul-
taneously from either mill weight or power draw measurements, 
• estimates of the mill feed rate and size distribution may be obtained via model based 
approaches, 
• estimates of SAG mill discharge rate and size distribution may be obtained using 
cyclone and oversize crusher feed process measurements and mill discharge screen 
specifications, 
• state estimation for SAG mills is a significantly developed method, the wider adoption 
of which may be influenced by further contribution, analysis and discussion. 
Chapter 3: Pursuant to the development of suitable inferential models to address the 
scope for further development, steady state models of the SAG mill and the other comminu-
tion circuit unit operations were presented in Chapter 3. These models were programmed 
into MATLAB-Simulink and validated against reference data. The source of the reference 
data was detailed. The reference data comprised the results of a comprehensive grinding 
circuit survey conducted by Julius Kruttschnitt Mineral Research Centre and Northparkes 
Mines personnel in early 1997 (David, 1997), see Appendix B. The models were validated 
individually and as the as-surveyed circuit. Supplementary steady state model validation 
against published data was also conducted. Model validation at the simulation model level 
was considered sufficient toward the achievement of the objectives of the research (inferen-
tial model development) and also leaves the simulation models in a state of readiness for 
further research and development. 
Chapter 4: Due to the focus on the SAG mill and in anticipation of the model require-
ments of state estimation, Chapter 4 detailed dynamic models of SAG mill: 
1. ball charge 
2. protective shell lining wear 
3. rock and water charges 
Whilst the development of dynamic rock and water charge models can be attributed to 
the Julius Kruttschnitt Mineral Research Centre, the dynamic ball charge and shell lining 
models are original to this research. All dynamic models were validated against the steady 
state Reference Data of the circuit survey (David, 1997). A high degree of sensitivity was 
encountered during the model fitting stage of the rock charge modeL Small shifts in the 
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breakage rates, ri, caused divergent changes in the mill rock charge. Research personnel 
recognise this area as one with "room for improvement" (Morrell et al., 2001). Further 
validation is recommended at or prior to an implementation stage. 
Chapter 5: Chapter 5 detailed the inferential model development, a summary of which 
follows: 
1. The SAG mill discharge rate and size distribution and recirculating load may be 
estimated simultaneously using plant measurements of oversize crusher feed rate, 
primary cyclone feed fiowrate and pulp density, SAG mill discharge water addition 
rate and SAG mill feedrate, the specifications of the mill discharge grate and screen 
and by assuming the cyclone and crusher feed streams have Rosin-Rammler size 
distributions. 
2. The SAG mill rock and water charges may be estimated from mill discharge stream 
properties, the discharge grate specifications and classification function, e;, and by 
assuming a Rosin-Rammler size distribu~ion. 
3. Mill ball charge ( Jb) and total charge (Jt) levels may be estimated from model-
measurement pairings of either mill weight or power draw. 
4. SAG mill total feed may be estimated using rock, water and ball charge estimate, 
the mill discharge estimate and the per~ect mixing mill model. 
5. Primary cyclone underflow and oversize crusher product streams may be estimated by 
the application of the hydrocylone model and crusher model to the primary cyclone 
and oversize crusher feed streams, respectively. 
6. SAG mill fresh feed rate and size distribution may be estimated from the SAG mill 
total feed less the SAG mill feed water addition and the oversize crusher product, 
primary cyclone underflow recycle estimates. 
Like the steady state and dynamic models, the inferential models were validated against 
the steady state Reference Data of the circuit survey (David, 1997), see Appendices B and 
C. The inferential models were also validated against the Simulation Model results- the 
steady state MATLAB-Simlink simulation results, Appendix C. Further model validation 
is recommmended at or prior to an implementation stage. 
Chapter 6: Sensitivity and uncertainty analyses were conducted on the SAG mill charge 
level estimates, the SAG mill discharge rate and size distribution estimates, the SAG 
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mill fresh feed rate and size distribution estimates, and the SAG mill breakage rates, r i. 
Chapter 6 presents the results of these analyses and introduces an inferential model of the 
primary cyclone underflow split to the ball mill, PCsplit· The main conclusions arising 
from Chapter 6 are: 
Charge Level. 
1. Good ball and total charge level estimates ( Jb & Jt) may be obtained from mill 
weight or power draw measurements. Despite relatively good agreement amongst 
the estimates, the underlying uncertainty is somewhat larger. 
2. The mill charge level estimates obtained from the mill weight measurement con-
tain the least uncert ainty and are therefore the recommended choice for charge level 
estimation. 
3. The ball charge level (Jb) estimate from the power draw model showed good agree-
ment and reasonable certainty. However, the total charge level (Jt) estimate from 
the power draw model whilst showing good agreement, displayed high uncertainty. 
This is attributed to large inferential model sensitivity to the total charge level, com-
pensating errors, inferential model non-linearity and the concave nature of the power 
draw curve. 
Mill Discharge. 
4. Good estimates of SAG mill discharge rate and size distribution are possible. To min-
imise uncertainty in these estimates the accuracy of the oversize cr~sher and primary 
cyclone feed instrumentation should be maintained through regular calibration. Er-
ror in the transfer size estimates increased from the eighty percent passing size (Tao) 
to the twenty percent passing size (T2o). This trend is attributed to interpolation 
errors, minor model approximations and error compounding effects of the cummula-
tive percent passing format. These errors may be minimised through the monitoring 
of the SAG mill discharge screen aperture size and the appropriate adjustment of the 
corrected fifty percent passing size, S M D50c, ensuring the accuracy of the oversize 
crusher and primary cyclone process measurements via periodic calibration and the 
periodic verification of the process water specific gravity, SG1. 
Mill Feed. 
5. Good estimates of SAG mill fresh feed rate and size distribution are possible. The 
errors in the estimates may be minimised by ensuring the accuracy of the oversize 
crusher and primary cyclone feed instrumentation , through regular calibration, and 
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the crusher gap setting, via regular lead-bob gap checking. The SAG mill discharge 
grate parameters: pebble port size, x,; and relative open area fraction of the pebble 
ports, fp; also strongly influence the size estimates and hence, should be fi tted with 
due care. 
Breakage Rates. 
6. The breakage rates, ri, are most influenced by mill speed (RPM), ball charge level 
(Jb) and the feed eighty percent passing size (Faa). The recommendations regarding 
the SAG mill fresh feed and inventory inferential models apply here and also the 
diligent model fitting of the oversize crusher model. 
Cyclone Underflow Split. 
7. The primary cyclone underflow split to the ball mill (PC split) was considered as one 
of the parameters in this research. The inferential model of PCsplit was introduced 
due to the important role it plays in defining the primary grinding mass balance. 
A fully defined mass balance enhances the awareness of and ability to optimise the 
operating conditions. 
Chapter 7: Due to its relatively near proximity, the inferential modelling suite was 
extended to combined state and parameter estimation (CSPE) in Chapter 7. The CSPE 
formulation utilised the dynamic models presented in Chapter 4. Two novel measurement 
models of the SAG mill discharge were presented for utilisation in the CSPE problem 
along with the novel mill weight measurement model. Initial tuning difficulties with the 
Kalman filter (within the CSPE problem) dictated the assessment of system observability 
and detectability and was the motivation for the development of the second SAG mill 
discharge measurement model. Both of the CSPE formulations, whilst not completely 
observable, are detectable. The appropriate selection of filter tuning parameters yielded 
good state and parameter estimates in both CSPE formulations. The main conclusions 
arising from Chapter 7 are: 
1. The CSPE formulation incorporating the size-by-size SAG mill discharge measure-
ment model is deemed the favourable formulation based on its superior state estimate 
results and its sensitivity and capacity to adust the important discharge parameters 
(fp and d.Q). 
2. The successful presentation of the CSPE formulations provide a suitable, positively 
supportive context for the inferential models presented in Chapter 5. The CSPE 
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presentation also adds to the information available on the comminution application 
of CSPE which may further the acceptance that CSPE is gaining in industry. 
Chapter 8: Chapter 8 detailed the validation of the inferential models developed in 
Chapter 5 on real plant data. The investigation of the nature of the models and fur-
ther sensitivity analysis was also presented. A SAG mill operating curve was developed 
and discussed in terms of potential use in mill charge control. A simulation environment 
was constructed to test an advanced controller structure that incorporated the inferential 
measurement models. The controller structure could be implemented at plant level. The 
advanced controller incorporating the novel inferential measurement models is an innova-
tive development. The use of integrator models for the SAG mill powerdraw, weight and 
rock and ball charges in the controller development is novel also. Other findings arising 
from this Chapter are: 
1. The inferential measurement models are deemed valid after data from October 1997 
was processed and the results analysed. 
2. The inferential measurement models could potentially be utilised in a process mon-
itoring/diagnostic capacity as unusual model results arose during unusual process 
conditions. 
3. Due to model construction, the feedsize estimate is sensitive to the SAG mill breakage 
rates estimates, which are in turn, dependent on the mill charge estimates. The 
oversize crusher feedrate also affects the feedsize estimate. This is considered a 
model limitation, which should be noted when dealing with the results. 
4. A SAG mill operating curve may be developed and visualised, with mill weight and 
powerdraw contours, in the ( Jb , Jt , Power draw · Weight ) space. 
5. The operating curve may potentially be utilised in a mill charge control strategy and 
may be dependent on ore hardness. 
6. In a simulation environment, the advanced process controller performed well against 
a PID loop reference controller 
9.2 Accomplishment and Contribution Summary 
9.2.1 Research Accomplishments 
The accomplishments of this research are as follows: 
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1. Steady state models of comminution circuit unit operations. 
2. Steady state model of a full grinding circuit. 
3. Dynamic models of: 
(a) SAG mill rock and water charges 
(b) SAG mill ball charge 
(c) SAG mill protective shell lining 
4. Inferential models of the SAG mill: 
(a) discharge rate and size distribution (including size indicators: Tso- .. T2o) 
(b) recirculating load (RCL) 
(c) total charge (Jt) and ball charge (Jb) levels 
(d) rock charge and size distribution 
(e) total feed rate and size distribution 
(f) fresh feed rate and size distribution (including size indicators: Fso ... F2o) 
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5. Inferential model of the primary cyclone underflow split to the ball mill (PCsplit)· 
6. Sensit ivity and uncertainty analyses of the inferential models. 
7. A combined state and parameter estimation (CSPE) formulation of the SAG mill. 
8. One measurement model of SAG mill weight for the CSPE formulation. 
9. Two measurement models of SAG mill discharge for the CSPE formulation. 
10. Comparative assessment of the CSPE formulations. 
11. Process data validated inferential measurement models of mill ball, rock and total 
charges and feed size. 
12. An advanced controller structure that utilises the novel inferential measurement mod-
els. 
13. A selection of papers and reports: 
(a) Romagnoli, J. A., Galan, 0. and Apelt , T. A., (1997) "Preliminary Study of 
SAG Mill Control at Northparkes Mines", Technical Report. ICI Laboratory 
for Process Systems Engineering. Dept of Chemical Eng, University of Sydney 
NSW Australia. 
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(b) Apelt, T. A., Galan, 0. and Romagnoli, J. A. (1998) "Dynamic Environment for 
Comminution Circuit Operation and Control'' In: CHEMECA '98, 26th Aus-
tralasian Chemical Engineering Conference. CHEMECA. Port Douglas QLD 
Australia. 
(c) Apelt, T. A. (1998) "Dynamic environment for comminution circuit control, sim-
ulation and training", ME(Research) to PhD Upgrade Report, Dept of Chemical 
Engineering, University of Sydney NSW Australia, 13 November1998. 
(d) Apelt, T.A., Thornhill, N.F. and Romagnoli, J.A., (2000) "Mineral Grinding 
Process Modelling in Simulink" In: The Process Applications of MATLAB, 
Simulink and Statefl.ow Conference, Cambridge Control Ltd / Mathworks, April 
5th, Pope Lecture Theatre, School of Chemical, Environmental and Mining 
Engineering, University of Nottingham. 
(e) Apelt, T.A., Asprey, S.P. and Thornhill, N.F (2001) "Inferential measurement 
of SAG mill parameters", Minerals Engineering, Vol. 14, No. 6, 575-591. 
(f) Apelt, T.A., Asprey, S.P. and Thornhill, N.F. (2001) "SAG mill discharge mea-
surement model for combined state and parameter estimation" In: SAG 2001, 
Vol. IV. pp. 138-149, UBC. Vancouver, B.C., Canada, Third international con-
ference on: Autogenous and Semiautogenous Grinding Technology, Sep 30 - Oct 
3, 2001. 
(g) Apelt, T.A., Asprey, S.P. and Thornhill, N.F (2002) "Inferential measurement 
of SAG mill parameters II: state estimation", Minerals Engineering, Vol. 15, 
No. 12, 1043-1053. 
(h) Apelt, T.A., Asprey, S.P. and Thornhill, N.F (2002) "Inferential measurement 
of SAG mill parameters III: inferential models", Minerals Engineering, Vol. 15, 
No. 12, 1055-1071. 
(i) Apelt, T.A. and Thornhill, N.F (In Press) ttinferential measurement of SAG mill 
parameters IV: inferential model case study application", Minerals Engineering. 
9.2.2 Research Contributions 
The key contributions of this research are as follows: 
1. Inferential model of the SAG mill discharge rate and size distribution (including size 
indicators: Tao· .. T2o). 
2. Inferential model of the SAG mill recirculating load. 
3. Inferential model of the SAG mill rock charge and size distribution. 
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4. Inferential models of the SAG mill total charge and ball charge levels. 
5. Inferential model of the SAG mill total feed rate and size distribution. 
6. Inferential model of the SAG mill fresh feed rate and size distribution (including size 
indicators: Fso ... F2o). 
7. Inferential model of the primary cyclone underflow split to the ball mill. 
8. Sensitivity and uncertainty analyses and assessment of mill discharge, charge levels 
and fresh feed inferential models. 
9. Sensitivity and uncertainty analyses and assessment of mill breakage rates. 
10. Dynamic model of the SAG mill ball charge. 
11. Dynamic model of the SAG mill protective shell. 
12. One SAG mill weight model. 
13. Two SAG mill discharge models. 
14. Two combined state and parameter estimation (CSPE) model formulations for the 
estimation of thirty six (36) SAG mill states and five (5) parameters, incorporating 
the SAG mill weight model and both of the SAG mill discharge models. 
15. Observability and detectability analysis of the two CSPE formulations. 
16. Assessment of the two CSPE formulations. 
17. Validation of the inferential measurement models against real plant data. 
18. Investigation and further analysis of the sensitivity, nature and unusual behaviour of 
the SAG mill charge and feed size models. 
19. Development and construction of a SAG mill operating curve and discussion of its 
possible utilisation in a mill charge control strategy. 
20. Construction of an advanced controller structure that utilises the the inferential mea-
surement models in a simulation environment. 
21. Assessment of the advanced controller performance. 
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9.3 Future Work and Recommendations 
This research has studied several aspects of the inferential modelling of SAG mill param-
eters. There is scope for further work in this area that is a consequence of the research 
findings, problem boundaries and time constraints. The scope may be considered in terms 
of research and application. Further model validation is an integral part of each consider-
ation. 
9.3.1 Research 
There is scope for further research in this area, including: 
1. Further simulation model validation against industrial data, particularly of the dy-
namic models of the SAG mill rock charge, ball charge and protective shell lining. 
2. Investigation of measures to improve the determination of SAG mill breakage rates 
in order to achieve "stable" breakage rate and dynamic mill rock charge models. 
3. Further model validation of the inferential models of the SAG mill total and ball 
charge levels, discharge rate and size distribution, and fresh feed rate and size distri-
bution against a larger set of industrial data. 
4. Further sensitivity and uncertainty analysis of the inferential models to include the 
effects of model parameters not included in this research. 
5. The symbolic sensitivity and uncertai~ty analyses conducted here for the SAG mill 
inferential models in Maple, could be conducted on the SAG mill simulation model 
itself to determine the influence of parameters on the model outputs. Similarly, 
symbolic analyses could be conducted on other comminution unit operation models, 
e.g., ball mill, hydrocyclone, screen, and crusher. 
6. Investigation of the reduction of the dimension of the combined state and parame-
ter estimation (CSPE) formulation to improve the system observability, e.g., by a 
simplification of the SAG mill rock charge model. 
7. Investigation of the utilisation of the inferential models and CSPE formulations in 
control strategy simulation, including the utilisation of SAG mill discharge stream 
throughput and/ or size distribution as a controlled variable. 
8. Investigation of the utilisation of the inferential measurement models in a process 
monitoring/ diagnostic capacity. 
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9. Investigation of the sensitivity of the inferential measurement models to other process 
variables not as yet assessed. 
10. The fitting of the approximation of the mill powerdraw contour (for improved esti-
mation of the relative uncertainties in the charge estimates) 
11. Investigation of the dependence of the SAG mill operating curve on ore hardness 
12. Investigation of the other configurations of the model predictive controller. 
13. Investigation of the utilisation of the advanced controller in conjunction with an 
optimiser. 
9.3.2 Application 
During model development, the potential for implementation has always been a consider-
ation. Consequently, the scope for the application of the findings of this research, partic-
ularly with respect to the Northparkes Mines grinding process, ranges from immediately 
implementable to further into the future and includes: 
1. Inferential measurement of the SAG mill discharge rate and size. 
2. Inferential measurement of recirculating load. 
3. Inferential measurement of the SAG mill total and ball charge levels. 
These three cases are considered immediately implementable. The requirements for 
implementation are coding of the appropriate (relatively simple) models into a site 
spreadsheet1 and linking the models to the current SCADA2 system for model input 
and output. Minor model validation may be required until satisfactory confidence is 
attained. 
4. The utilisation of the above inferential measurements for process control may then be 
investigated. The discharge and recirculating load may be utilised as measurement 
of SAG mill performance and balance between primary-secondary circuits. 
5. Inferential measurement of the primary cyclone underflow split to the ball mill 
(PCsplit), thus, definition of the primary grinding circuit mass balance, is imple-
mentable with the spreadsheet coding of the hydrocyclone model (more detailed 
than the first three models although relatively straight forward). Initial and periodic 
hydrocyclone model tuning to the prevailing cyclone conditions would be required. 
1e.g., Microsoft Excel 
2Supervisory control and data acquisition 
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The PCsplit measurement could then be utilised in process control. 
6. Inferential measurement of SAG mill feed size distribution could also be implemented 
utilising current site spreadsheet and SCADA system capacity. Significant levels of 
spreadsheet programming would be required to achieve this particularly due to the 
detailed nature of the SAG mill rock charge model. The increased number of param-
eters involved in the required system of models would necessitate significant levels of 
model validation and parameter fitting (initially and periodically). The utilisation.of 
proprietary software, e.g., MATLAB, (instead of the use of spreadsheets) could also 
be considered here for its increased solver capabilities. These issues complicate im-
plementation and hence medium-term implementation only is considered practically 
possible. 
The SAG mill fresh feed size distribution measurement could then be utilised in 
process control. 
7. The implementation of combined state and parameter estimation (off-line and on-
line) is also considered a medium-term possibility considering the complexity of the 
problem formulation and mathematical software requirements. In the case of North-
parkes Mines, utilisation of the JA Herbst and Associates state estimation formu-
lation, NorthEst, should be considered and pursued as the first option for state 
estimation. 
The incorporation of the state estimation formulations into an advanced process 
control strategy would be the next logical step. 
8. The implementation of a model predictive controller, which utilises the inferential 
measurement models, at plant level. On a controller-only basis initially. Followed by 
a in-conjunction-with-an-optimiser phase. 
9. Investigation of control actions of a real controller in relation to the SAG mill oper-
ating curve. 
Any findings from research furthered in this area should be incorporated where pos-
sible and as appropriate. 
Whilst these recommendations are particularly relevant to Northparkes Mines, they are 
also relevant to any operation with similar circuit topography. Specific recommendations 
are expected to be relevant in cases where the circuit flowsheet differs, i.e., the wider 
minerals processing community. 
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9.4 Closing Remarks 
The primary research objectives of developing and assessing inferential models of the SAG 
mill inventories, discharge and fresh feed and the comparative development of a combined 
state estimation formulation have been met. Developments and assessments beyond the 
primary objectives have also been achieved. 
Increasing the number of inferential measurement models available to industry and the 
body of knowledge supporting them adds further impetus to the transition taking the 
control methods of autogenous grinding circuit supervisory control and the on-line use of 
phenomenological models from the "active" or "emerging" phase to the "mature" phase. 
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Executive Summary 
· The ongoing research work is focused on the modelling of the Module 1 grinding circuit in the Matlab-
Simulink environment. A full steady state circuit model has been constructed. Following communications 
with NPM in late 1999 the research focus shifted to the primary circuit and the SAG mill. This memo-
randum has the following aims: 
1. To summarise the communications of late 1999 
2. To provide an update on the research work 
3. To discuss the future direction of the work 
4. To instigate further NPM feedback 
Control of the conditions within the SAG mill was one of the recurring themes in the responses received 
from NPM personnel. The model has been developed such that it is capable of estimating the SAG mill 
rock and ball charge and new feed Fso from prevailing operating conditions. Future work direction will 
focus the refinement of the estimations and proving their accuracy on plant data. Feedback is now required 
from NPM personnel on their interest in the model and the work completed thus far. Comment on the 
direction the future work is also requested. Other comments and questions are welcome. 
Communications Summary 
In late September 1999 the major milestone of a complete steady state circuit in Matlab-Simulink was 
reached. The next task was to decide how to utilise the model. Meetings to address the situation were 
commenced with Dr Nina Thornhill. In October and November NPM was contacted with the intent to 
determine a practically useful application of the model. The question: 
"What is stopping NPM making more money?" 
was put to the Ore Processing Department staff. The question was kept general so that it was not a leading 
question. The only guidance was that it was in relation to the grinding circuits. Table A.1 contains the 
responses which were received with much appreciation. The suggestions marked with a star (*) are those 
thought to have potential for model application. 
The potential applications were assessed to have the following common underlying themes: 
1 throughput (more) 
2 product size (finer) 
3 feed ore characteristics 
• hardness 
• size 
4 SAG mill parameters 
• ball charge 
• rock charge 
Table A.l: Ore Processing Money Bottlenecks 
II No. SUGGESTIONS II 
1 Limited, low grade ore' sources 
2 External factors such as low metal price etc 
* 
3 Coarse grind size - imperfect liberation hence loss of metal recovery 
4 Under designed grinding circuit - insufficient consideration/ knowledge of ore charac-
teristics 
5 Limited access to capital investment 
* 
6 Process variation due to varying ore types, feed grade, process parameters etc 
7 Insufficient understanding of process inefficiencies , ( eg losses of metal in fine size frac-
tions, relative difference between gold and copper recovery etc) 
8 A constant feed ore size to t he mills for steady throughput. ( an underground issue 
really) 
9 Constant ore type i.e. feed grade through the plant enabling fine tuning for that type 
of ore. ( planning ahead) 
* 
10 Grinding bottlenecks, pump capacity limited for ore which recirculates a lot due to 
its hard grinding nature. 
* 
11 Oversize crusher capacity, affected when there is increased wear in the discharge grates 
of the mill, and having to cope with sizes up to 70mm. Huge costs involved in the 
rebuilds of the crushers , only lasting about 5 weeks. 
* 
12 Sag mill optimum ball charge, power consumption and internals wear rate, these 
factors contribute to the most expenses incurred in the plant, and if the optimum rates 
and balance between these 3 factors could be found then there would be significant 
savings in running costs. This isn't to say we are far off the mark now, but we always 
seem to be moving the line of best performance all in the name of t hroughput. 
* 
13 Grindsize is another issue directly related to recovery and dollars at the end of the 
day. With success of a regrind circuit on one of the modules, it would seem a good 
idea to have one on both circuits to optimise recovery when the larger tonnes are 
being put through. 
* 
14 Determination of volumetric j ball charge 
* 
15 Using all of the available installed power 
* 
16 Consistent media charging 
17 Reliability and consistency of recycle circuit 
* 
18 Determination of control parameters to mimic mill conditions e.g. sound monitoring 
19 Cone crusher availability. 
* 
20 Mill feed top size. 
* 
21 Liberation in final grind. ( ie: not enough) or ( need more tertiary mills) 
22 Copper prices. 
23 The value of the Australian dollar on t he international market. 
* 
24 The most obvious one is that the mills aren't big enough to handle the size, abrasive-
ness and hardness of the ore that we treat 
25 Probably the only things that can be done are to pretreat the ore down further to 
a smaller size or add some tert iary mills, both of which are very costly and in these 
economic times unrealistic 
26 Another option that may that could be considered is to close the aperture of our 
vibrating screen to almost nothing and putting more emphasis on the oversize circuit 
to achieve the oresize that you require, but this would also be costly 
To choose an application that would interest NPM and satisfy research requirements the themes were 
correlated with the five main research areas at the Centre for Process Systems Engineering, namely: 
1. Dynamic modelling 
2. Optimisation 
3. Advanced process control 
4. Inferential methods 
5. Plant scheduling 
The outcome of the assessment was the selection of an application in the inferential methods: SAG mill 
parameter estimation. 
Figure A.l: Primary Circuit Model 
SMFF 
SMTF 
SMRC 
SMBC 
SMDC 
PCFD 
PCUF 
PCUS 
OSCF 
OSCP 
Work Update 
Abbreviations 
SAG mill fresh feed 
SAG mill total feed 
SAG mill rock charge 
SAG mill ball charge 
SAG mill discharge 
Primary cyclone feed 
Primary cyclone underflow 
Primary cyclone underflow to SAG mill 
Oversize crusher feed 
Oversize crusher product 
uppercase = stream properties 
lowercase = size distribution 
Primary Circuit Model 
tph_s 
tph I 
tph p 
%swj w 
%Iwj w 
m3ph_s 
m3ph I 
m3ph p 
%svF 
%1 v j v 
SGp 
P80 
Stream Properties 
solids tph 
water tph 
total (pulp) tph 
%solids by weight 
%water by weight 
volumetric flow of solids 
volumetric flow of water 
total (pulp) volumetric flow 
%solids by volume 
%water by volume 
pulp specific gravity 
80% passing size (mm) 
The primary circuit model is shown in Figure A.l. The model equations behind the blocks are essentially 
those used by JKSimMet . The Stockpile block is structured to allow variations in feed ore throughput 
(tph_p), moisture (%solids), size (Faa ) and hardness (Work Index) . The model calculates the stream 
characteristics and size distribution of each stream which is passed from one block to the next. Table A 
lists the abbreviations used for stream names and the information corresponding to "stream properties". 
The model also calculates: 
• SAG mill power draw 
• SAG mill load 
• 0 JS crusher power draw 
• 1 ° cyclone pressure 
SAG Mill Parameter Estimation 
The seven blocks in the lower left corner of Figure A.l have the main function of calculating: 
• SAG mill rock charge 
• SAG mill ball charge 
• Stockpile feed Faa 
The calculation sequence is as follows: 
1. OSCF and PCFD streams are calculated based on scats tph, primary cyclone feed Howrate and 
%solids data and assumptions about the size distributions (based on SAG mill grate size and D/C 
screen aperture size). 
2. SMRC is calculated by applying the SAG mill discharge function in reverse. 
3. Fractional total filling, Jt, and ball filling, Jb, are determined by applying the powerdraw equations 
in reverse, utilising mill power draw and weight data as inputs. 
4. SMTF is then calculated by the reverse application of the mill model after making assumptions 
about the ball charge size distribution. 
5. OSCP and PCUF are calculated by the direct application of the crusher and cyclone models: 
6. SMFF is calculated by subtracting the OSCP and PCUS from the SMTF stream. SMFF F80 is 
calculated in the process. 
In each case the stream properties and size distributions of the streams are calculated. The basis of the 
calculations can be either the simulated plant data or operating data. 
Future Work and Feedback 
Work Projection 
The immediate work schedule involves: 
• completion of a paper for a conference on Process Applications of MATLAB, Simulink and Stateftow 
at the University of Nottingham. Attached is a copy of the abstract submitted to and accepted by 
the conference organisers. 
• model validation and results generation using NPM operating data 
Following on from the immediate tasks are: 
• closer study of the estimation of the mill parameters Jt and Jb 
• assessment of the possible r benefits of incorporating a dynamic model of the SAG mill rock and 
ball charge 
• a paper for the Minerals Engineering 2000 conference 
Request for Feedback 
In its current state the model has two main capabilities: 
1. steady state simulation of operating conditions 
2. prediction of SAG mill and feed ore parameters 
These capabilities could be utilised off-line following minimal model validation. The Matlab-Simulink en-
vironment allows for the variation of inputs during the simulation. The effects of variations can be graphed 
quickly and easily in the course of "what if'l" scenario investigations or sensitivity analyses. Matlab also 
possesses sophisticated mathematical capability. This capability includes a range of process control func-
tions which make the practical implementation at NPM a definite option in the longer term. 
N'PM feedback is now requested on the following topics: 
1. Value/interest of the work completed thus far to NPM 
2. Appropriateness of the future work direction 
3. Other comments or questions 
Thomas Apelt 
Ul'RQ .AaA.IllS 
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Table 4: Meuured and SimuJated Perfotma!"'ce • Survey 1 (Tabl• 29 It\ Ill$! rtpOrtJ 
SAG Circuit Measured Simulated % Difference 
Feed Rate 185 185 0.0% 
Feed Fao 91.9 .• 91.9 c.oe~ 
Scats tph 65.3 67.1 2.8% 
Seats Pea (mm) 42.8 41.5 -3.0% ; 
Crusher Product P1o (mm) 33.1 33.1 0.0% 
' SAG Load% 21.8 21.8 0.0% 
SAG Power (kW) 2810 2863 1.9% 
Primary Cyclone Feed % Sortds 50.5 50.8 0.6% 
Primary Cyclone Feed FIG l_mm) 1.93 2.6 34% 
Primary Cyclone Feed %-75,~~.m 24.7 22.8 -7.7% 
Primary Cyclone Pressure{I<P~ 59 57 -3.4% 
Prim. C_yc off% Solids 21 .5 22.7 5.6% 
Prim. Cy~ olf tph 34 
Prim. Cyc off Pea 52.7 62 17.6% 
Prim. eye u/1 % sorlds 70.1 70.7 0.9% 
Prim. Cyc ulf tph 151 
Prim. Cyc uJf Pail (mm) 2.72 3.22 86% 
Ball Mill Circuit 
Sal Mill Discharge tph 1069 
BaU Mill Discharge % solids 76.9 
Ball Mill Scats tph 2.76 3.41 24% 
Tromrnet u/s tph 1066 
&!condary eye Feed % Sol 136.1 66.1 0.0% 
Secondary Cyc Feed tph 1100 
Seccmdary Cyc Feed Pso (\lm) 360 420 16.7% 
Secondary Cyc Pressure (kPa) 152 150. -1.3% 
Secondary Cyc ulf o/o Sol 78.3 78.0 ·0.4% 
. 
Secondary Cyc u/f tph 918 
Secondary Cyc u/f P.o {!.lm_l 460 468 6.1% 
Seoondary Cyc o/f% Sol 36.8 37.3 1.4% 
Secondary Cyc o/f tph 182 182 O"lc! 
Secondary Cyc olr P~o (J.lm) 87 .6 86.3 ~ l-1 ,5% 
- - · -- -
JI<Tf ch ; -;:t :Vo. 962S9 ~ 
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Table C.l: Reference Data: 1° Circuit - SAG mill 
Stream 
P roperties SMFF OSCP SMTF SMRC SMDC 
tph_s 185.0 67.1 252.1 45.7 252.1 I 
tph_l 3.8 0.1 80.0 2.1 80.0 I 
tph_ p 188.8 67.1 332.1 47.7 332.1 
%s wjw 98.0 99.9 75.9 95.7 75.9 
%lwjw 2.0 0.1 24.1 4.3 24.1 I 
m3ph_s 69.8 25.3 95.1 17.2 95.1 1 
m3ph _ l 3.8 0.1 80.0 2.1 80.0 
m3ph_p 73.6 25.4 175.2 19.3 175.2 
%s v/v 94.8 99.8 54.3 89.3 54.3 
%1 vj v 5.2 0.2 45.7 10.7 45.7 I 
SGp 2.56 2.65 1.90 2.47 1.90 
P ao 94.5 34.0 84.0 87.3 16.7 
Power 2863 (kW) ' 
Pressure 
Size (mm) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) 
181 0 0 0 0 0 
152 0.8 0 0.6 0.5 0 
106 11.4 0 8.3 7.8 0 
75.0 21.4 0 15.7 19.5 0 
53.0 14.1 0 10.4 20.4 2.0 
37.5 12.6 11.7 12.3 16.8 5.1 
26.5 12.4 26.3 16.1 11.5 5.9 
19.0 4.4 22.5 9.2 5.3 5.1 
13.2 7.0 19.9 10.4 3.0 4.7 
9.5 4.3 12.7 6.5 1.8 3.8 
6.7 3.3 3.6 3.4 1.3 3.5 
4.75 1.9 1.1 1.7 1.2 3.7 
3.35 1.2 0.6 1.0 1.1 4.2 
2.36 0.9 0.4 0.8 1.0 4.5 
1.70 0.7 0.25 0.6 0.9 4.5 
1.18 0.53 0.2 0.4 0.8 4.3 
0.850 0.4 0.1 0.3 0.7 4.0 
0.600 0.4 0.1 0.3 0.6 4.0 
0.425 0.3 0.1 0.2 0.6 4.1 
0.300 0.3 0.1 0.2 0.6 4.1 
0.212 0.2 0.1 0.2 0.6 4.2 
0.150 0.2 0.1 0.2 0.6 4.1 
0.106 0.2 0.0 0.1 0.6 3.9 
0.075 0.2 0.0 0.1 0.5 3.5 
0.053 0.2 0.0 0.1 0.4 3.0 
0.038 0.1 0.0 0.1 0.4 2.6 
0.001 1.0 0.1 0.8 1.6 11.1 
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Table C.2: Reference Data: 1° Circuit - Screen/Crusher/ Cyclones 
Stream 
Properties SMDC OSCF OSCP PCFD PCUF PCOF 
tph_s 252.1 67.1 67.1 185.0 150.7 34.3 I 
tph_l 80.0 0.1 0.1 179.3 62.4 117.0 
tph_p 332.1 67.1 67.1 364.3 213.0 151.3 
%sw/w 75.9 99.9 99.9 50.8 70.7 22.7 
%lw/w 24.1 0.1 0.1 49.2 29.3 77.3 
m3ph_s 95.1 25.3 25.3 69.8 56.9 13.0 
m3ph_l 80.0 0.1 0.1 179.3 62.4 117.0 
m3ph_p 175.2 25.4 25.4 249.1 119.2 129.9 
%s vjv 54.3 99.8 99.8 28.0 47.7 10.0 
%1 v/v 45.7 0.2 0.2 72.0 52.3 90.0 
SGp 1.90 2.65 2.65 1.46 1.79 1.16 
Pao 16.7 42.9 34.0 2.6 3.2 0.1 
Power 43 (kW) 
Pressure 57.3 (kPa) 
Size (mm) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) 
181 0 0 0 0 0 0 
152 0 0 0 0 0 0 
106 0 0 0 0 0 0 
75.0 0 0 0 0 0 0 
53.0 2.0 7.5 0 0 0 0 
37.5 5.1 19.3 11.7 0 0 0 
26.5 5.9 22.2 26.3 0 0 0 
19.0 5.1 19.2 22.5 0 0 0 
13.2 4.7 17.5 19.9 0.0 0.0 0 
9.50 3.8 11.2 12.7 1.1 1.4 0 
6.70 3.5 2.5 3.6 3.8 4.7 0 
4.75 3.7 0.4 1.1 4.9 6.0 0 
3.35 4.2 0.1 0.6 5.7 7.0 0 
2.36 4.5 0.0 0.4 6.2 7.6 0 
1.70 4.5 0.0 0.2 6.1 7.5 0 
1.18 4.3 0.0 0.2 5.8 7.2 0 
0.850 4.0 0.0 0.1 5.5 6.7 0 
0.600 3.9 0.0 0.1 5.4 6.6 0 
0.425 4.1 0.0 0.1 5.6 6.9 0 
0.300 4.1 0.0 0.1 5.6 6.9 0 
0.212 4.2 0.0 0.1 5.7 7.0 0.1 
0.150 4.1 0.0 0.0 5.6 6.7 1.0 
0.106 3.9 0.0 0.0 5.2 5.5 4.0 
0.075 3.5 0.0 0.0 4.7 3.8 8.7 
0.053 3.0 0.0 0.0 4.2 2.3 12.2 
0.038 2.6 0.0 0.0 3.5 1.4 13.0 
0.001 11.1 0.0 0.1 15.2 4.7 61.0 
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Table C.3: Reference Data: 2° Circuit - Ball mill/ Screen 
Stream 
Properties PCUF SCUF BMFD BMDC BSOS BSUS 
tph_s 150.7 918 1067 1068 3.4 1065 
tph_l 62.4 258.9 321.2 321.1 0.0 336.2 
tph_p 213.0 1177 1390 1390 3.4 1401 
o/oS wjw 70.7 78.0 76.9 76.9 99.3 76.0 
%lw/w 29.3 22.0 23.1 23.1 0.7 24.0 
m3ph_s 56.9 346.4 403.2 403.2 1.3 401.9 
m3ph_ l 62.4 258.9 321.2 321.1 0.0 336.2 
m3ph_p 119.2 605.3 724.5 724.4 1.3 738.1 
%s vjv 47.7 57.2 55.7 55.7 98.2 54.5 
%1 v/v 52.3 42.8 44.3 44.3 1.8 45.5 
SGp 1.79 1.94 1.92 1.92 2.62 1.90 
Pso 3.2 0.5 0 .6 0.4 11.6 0.4 
Power ~ 2850 (kW) 
Pressure 
Size (mm) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) 
181 0 0 0 0 0 0 
152 0 0 0 0 0 0 
106 0 0 0 0 0 0 
75.0 0 0 0 0 0 0 
53.0 0 0 0 0 0 0 
37.5 0 0 0 0 0 0 
26.5 0 0 0 0 0 0 
19.0 0 0 0 0 0.0100 0 
13.2 0.0 0 0.0 0.0 1.6 0 
9.50 1.4 0.2 0.4 0.3 41.5 0.2 
6.70 4.7 1.3 1.8 1.3 49.0 1.1 
4.75 6.0 1.3 2.0 1.2 7.8 1.1 
3.35 7.0 1.1 1.9 0.9 0 0.9 
2.36 7.6 1.0 1.9 0.8 0 0.9 
1.70 7.5 1.1 2.0 1.0 0 1.0 
1.18 7.2 1.6 2.4 1.4 0 1.4 
0.850 6.7 2.7 3.2 2.3 0 2.3 
0.600 6.6 4.8 5.0 4.1 0 4.1 
0.425 6.9 8.4 8.2 7.3 0 7.3 
0.300 6.9 13.2 12.3 11.3 0 11.3 
0.212 7.0 17.0 15.6 14.7 0 14.8 
0.150 6.7 15.7 14.4 14.2 0 14.2 
0.106 5.5 10.1 9.4 10.0· 0 10.0 
0.075 3.8 5.6 5.4 6.4 0 6.4 
0.053 2.3 3.3 3.2 4.3 0 4.3 
0.038 1.4 2.2 2.1 3.2 0 3.2 
0.001 4.7 9.3 8.7 15.3 0 15.4 
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Table C.4: Reference Data: 2° Circuit - Cyclones 
Stream 
I 
Properties BSUS PCOF SCFD SCUF SCOF I 
tph_ s 1065 34.3 1099 918 181.5 I 
tph_l 336.2 117.0 564 258.9 305.0 . 
I 
tph_p 1401 151.3 1663 1177 486.5 
%s w/ w 76.0 22.7 66.1 78.0 37.3 ! 
%l w/ w 24.0 77.3 33.9 22.0 62.7 I 
m3ph_s 401.9 13.0 414.9 346.4 68.5 
m3ph_l 336.2 117.0 564 258.9 305.0 ' 
m3ph_p 738 129.9 979 605 373.5 
%s v/v 54.5 10.0 42.4 57.2 18.3 
%1 v/ v 45.5 90.0 57.6 42.8 81.7 
SGp 1.90 1.16 1.70 1.94 1.30 
Pao 0.4 0.1 0.4 0.5 0.1 
Power 
Pressure 150 (kPa) 
Size (mm) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) 
181 0 0 0 0 0 
152 0 0 0 0 0 
106 0 0 0 0 0 
75.0 0 0 0 0 0 
53.0 0 0 D 0 0 
37.5 0 0 0 0 0 
26.5 0 0 0 0 0 
19.0 0 0 0 0 0 
13.2 0 0 0 0 0 
9.50 0.2 0 0.2 0.2 0 
6.70 1.1 0 1.1 1.3 0 
4.75 1.1 0 1.1 1.3 0 
3.35 0.9 0 0.9 1.1 0 
2.36 0.9 0 0.8 1.0 0 
1.70 1.0 0 0.9 1.1 0 
1.18 1.4 0 1.3 1.6 0 
0.850 2.3 0 2.2 2.7 0 
0.600 4.1 0 4.0 4.8 0 
0.425 7.3 0 7.0 8.4 0 
0.300 11.3 0 11.0 13.2 0.1 
0.212 14.8 0.1 14.3 17.0 0.9 
0.150 14.2 1.0 13.8 15.7 4.2 
0.106 10.0 4.0 9.8 10.1 8.7 
0.075 6.4 8.7 6.5 5.6 10.8 
0.053 4.3 12.2 4.6 3.3 10.9 
0.038 3.2 13.0 3.5 2.2 9.9 
0.001 15.4 61.0 16.8 9.3 54.5 
Chapter C. NPM Grinding Circuit Dat a: Survey Data, Simulation Model and Inferential Model · 
Results 339 
Table C.5: Simulation Model: 1° Circuit- SAG mill 
II !::::ties I SMFF I OSCP I SMTF I SMRC I SMDC I 
tph_s 185.0 67.1 252.2 45.7 252.1 
tph_l 3.8 0.1 80.1 2.1 80.0 
tph_p 188.8 67.2 332.3 47.7 332.1 
%swjw 98.0 99.9 75.9 95.7 75.9 
%lw/w 2.0 0.1 24.1 4.3 24.1 
m3ph_s 69.8 25.3 95.2 17.2 95.1 
m3ph_l 3.8 0.1 80.1 2.1 80.0 
m3ph_p 73.6 25.4 175.2 19.3 175.1 
%s v/v 94.8 99.8 54.3 89.3 54.3 
%1 v j v 5.2 0.2 45.7 10.7 45.7 
SGp 2.56 2.65 1.90 2.47 1.90 
Pao 94.5 27.2 84.0 87.3 16.4 
Power 2800 (kW) 
Pressure 
Size (mm) wt rtd (%) wt rtd (%) wt rtd (%) wt r td (%) wt rtd (%) 
181 0 0 0 0 0 
152 0.8 0 0.6 0.5 0 
106 11.4 0 8.3 7.8 0 
75.0 21.4 0 15.7 19.5 0 
53.0 14.1 0 10.4 20.4 0.6 
37.5 12.6 3.4 10.1 16.8 0.8 
26.5 12.4 17.8 13.8 11.5 4.7 
19.0 4.4 37.2 13.1 5.3 9.8 
13.2 7.0 31.3 13.4 . 3.0 9.1 
9.50 4.3 9.6 5.7 1.8 6.7 
6.70 3.3 0.2 2.5 1.3 5.5 
4.75 1.9 0.1 1.4 1.2 5.3 
3.35 1.2 0.1 0.9 1.1 5.4 
2.36 0.9 0.1 0.7 1.0 5.3 
1.70 0.7 0.0 0.5 0.9 4.8 
1.18 0.5 0.0 0.4 0.8 4.1 
0.850 0.4 0.0 0.3 0.7 3.5 
0.600 0.4 0.0 0.3 0.6 3.2 
0.425 0.3 0.0 0.2 0.6 3.1 
0.300 0.3 0.0 0.2 0.6 3.2 
0.212 0.2 0.0 0.2 0.6 3.2 
0.150 0.2 0.0 0.2 0.6 3.2 
0.106 0.2 0.0 0.1 0.6 3.0 
0.075 0.2 0.0 0.1 0.5 2.6 
0.053 0.2 0.0 0.1 0.4 2.3 
0.038 0.1 0.0 0.1 0.4 2.0 
0.001 1.0 0 .0 0.8 1.6 8.5 
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Table C.6: Simulation Model: 1° Circuit - Screen/Crusher/Cyclones 
Stream I 
Properties SMDC OSCF OSCP PCFD PCUF PCOF 
tph_s 252.1 67.1240 67.1 185.0 150.7 34.3 I 
tph_l 80.0 0.1 0.1 179.2 62.3 116.9 
tph_p 332.1 67.2 67.2 364.2 213.0 151.1 
%sw/w 75.9 99.9 99.9 50.8 70.7 22.7 
%lw/w 24.1 0.1 0.1 49.2 29.3 77.3 I 
m3ph_s 95.1 25.3 25.3 69.8 56.9 12.9 
m3ph_l 80.0 0.1 0.1 179.2 62.3 116.9 
m3ph_p 175.1 25.4 25.4 249.0 119.2 129.8 I 
o/os v/v 54.3 99.8 99.8 28.0 47.7 10.0 
%1 v/v 45.7 0.2 0.2 72.0 52.3 90.0 
SGp 1.90 2.65 2.65 1.46 1.79 1.161 
P so 16.4 28.2 27.2 5.2 6.2 0.1 
I 
Power 41 (kW) 
Pressure 57.1 (kPa) 
Size (mm) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) 
181 0 0 0 0 0 0 
152 0 0 0 0 0 0 
106 0 0 0 0 0 0 
75.0 0 0 0 0 0 0 I 
53.0 0.6 2.1 0 0 0 0 
37.5 0.8 3.0 3.4 0 0 0 
26.5 4.7 17.6 17.8 0 0 0 
19.0 9.8 36.9 37.3 0.0 0.0 0 
13.2 9.1 31.0 31.3 1.1 1.3 0 
9.50 6.7 9.4 9.6 5.7 7.0 0 
6.70 5.5 0 0.2 7.5 9.3 0 
4.75 5.3 0 0.1 7.2 8.8 0 
3.35 5.4 0 0.1 7.4 9.0 0 
2.36 5.3 0 0.1 7.2 8.8 0 
1.70 4.8 0 0.0 6.5 8.0 0 
1.18 4.1 0 0.0 5.6 6.9 0 
0.850 3.5 0 0.0 4.8 5.9 0 
0.600 3.2 0 0.0 4.4 5.4 0 
0.425 3.1 0 0.0 4.3 5.2 0 
0.300 3.2 0 0.0 4.3 5.3 0 
0.212 3.2 0 0.0 4.4 5.4 0 
0.150 3.2 0 0.0 4.3 5.3 0.1 
0.106 3.0 0 0.0 4.1 3.2 7.8 
0.075 2.6 0 0.0 3.6 0 19.5 
0.053 2.3 0 0.0 3.2 0 17.1 
0.038 2.0 0 0.0 2.7 0.1 14.1 
0.001 8.5 0.0 0.0 11.6 4.9 41.5 
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Table C.7: Simulation Model: 2° Circuit - Ball mill/ Screen 
Str eam 
I 
Properties PCUF SCUF BMFD BMDC BSOS BSUS I 
tph_s 150.7 919 1069 1069 3.3 1066 1 
tph_l 62.3 374.6 436.9 436.9 0.0 451.9 1 
tph_p 213.0 1294 1506 1506 3.3 1518 
o/oS wfw 70.7 71.0 71.0 71.0 99.0 70.2 1 
%lwfw 29.3 29.0 29.0 29.0 1.0 29.8 
.m3ph_ s 56.9 346.8 403.6 403.6 1.2 402.3 1 
m3ph_l 62.3 374.6 436.9 436.9 0.0 451.9 
m3ph_p 119.2 721 840 840 1.3 8541 
%s v/v 47.7 48.1 48.0 48.0 97.5 47.1 
%1 v/v 52.3 51.9 52.0 52.0 2.5 52.9 I 
SGp 1.79 1.95 1.92 1.92 2.62 1.9o I 
Pso 6.2 0.3 0.4 0.3 17.1 o.3 I 
Power 2994 (kW) 
I Pressure 
Size (mm) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) I 
181 0 0 0 0 0 0 
152 0 0 0 0 0 0 I 
106 0 0 0 0 0 0 
75.0 0 0 0 0 0 0 I 
53.0 0 0 0 0 0 0 
37.5 0 0 0 0 0 0 I 
26.5 0 0 0 0 0 0 
19.0 0.0 0 0.0 0.0 1.9 0 
13.2 1.3 0.0 0.2 0.2 56.2 0.0 
9.50 7.0 0.6 1.5 0.6 41.9 0.5 
6.70 9.3 0.5 1.8 0.5 0 0.5 
4.75 8.8 0.4 1.6 0.3 0 0.3 
3.35 9.0 0.2 1.5 0.2 0 0.2 
2.36 8.8 0.2 1.4 0.2 0 0.2 
1.70 8.0 0.3 1.4 0.3 0 0.3 
1.18 6.9 0.4 1.3 0.4 0 0.4 
0.850 5.9 0.6 1.3 0.5 0 0.5 
0.600 5.4 1.1 1.7 1.0 0 1.0 
0.425 5.2 4.0 4.2 3.4 0 3.4 
0.300 5.3 7.9 7.5 6.8 0 6.8 
0.212 5.4 57.1 49.8 49.1 0 49.2 
0.150 5.3 13.1 12.0 13.7 0 13.7 
0.106 3.2 0.6 0.9 2.6 0 2.7 I 
0.075 0 0.8 0.7 2.1 0 2.1 
0.053 0 1.0 0.9 2.0 0 2.0 
0.038 0.1 1.1 1.0 1.9 0 1.9 I 
0.001 4.9 9.9 9.2 14.2 0 14.3 
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Table C.8: Simulation Model: 2° Circuit- Cyclones 
II !::ties I BSUS I PCOF I SCFD I SCUF I SCOF 
tph_s 1066 34.3 1100 919 181.6 I 
• I 
tph_l 451.9 116.9 680 374.6 304.8 
tph_p 1518 151.1 1780 1294 486.4 
%sw/w 70.2 22.7 61.8 71.0 37.3 
%1 wfw 29.8 77.3 38.2 29.0 62.7 
m3ph_s 402.3 12.9 415.3 346.8 68.5 
m3ph_l 451.9 116.9 680 374.6 304.8 
m3ph_p 854 129.8 1095 721 373.3 
%s v/ v 47.1 10.0 37.9 48.1 18.4 
%1 vfv 52.9 90.0 62.1 51.9 81.6 
SGp 1.90 1.16 1.70 1.95 1.30 1 
Pso 0.3 0.1 0.3 0.3 0.1 I 
Power 
Pressure 151.2 (kPa) 
I 
Size (mm) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%~ I 
181 0 0 0 0 
152 0 0 0 0 0 I 
106 0 0 0 0 o I 
75.0 0 0 0 0 0 
53.0 0 0 0 0 ~ i 37.5 0 0 0 0 
26.5 0 0 0 0 01 
19.0 0 0 0 0 o I 
13.2 0.0 0 0.0 0.0 0 
9.50 0.5 0 0.5 0.6 0 I 
6.70 0.5 0 0.5 0.5 o I 
4.75 0.3 0 0.3 0.4 0 
3.35 0.2 0 0.2 0.2 o I 
2.36 0.2 0 0.2 0.2 0 
1.70 0.3 0 0.3 0.3 0 
1.18 0.4 0 0.3 0.4 o I 
0.850 0.5 0 0.5 0.6 0 · 
0.600 1.0 0 1.0 1.1 o I 
0.425 3.4 0 3.3 4.0 0 . 
0.300 6.8 0 6.6 7.9 o, 
0.212 49.2 0 47.7 57.1 o.1 1 
0.150 13.7 0.1 13.3 13.1 14.1 
0.106 2.7 7.8 2.8 0.6 14.1 I 
0.075 2.1 19.5 2.6 0.8 11.8 
0.053 2.0 17.1 2.5 1.0 10.0 I 
0.038 1.9 14.1 2.3 1.1 8.4 I 
0.001 14.2 41.5 15.1 9.9 41.4 1 
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Table C.9: Inferential Model: 1° Circuit- SAG mill 
Stream 
I Properties SMFF OSCP SMTF SMRC SMDC I 
tph_ s 184.9 67.1 252.1 48.0 252.1 1 
tph_l 3.7 0.1 79.9 2.7 79.9 1 
tph_ p 188.5 67.2 332.0 50.7 332.0 
%sw/w 98.1 99.9 75.9 94.7 75.9 1 
%1 w/ w 1.9 0.1 24.1 5.3 24.1 I 
m3ph_s 69.8 25.3 95.1 18.1 95.1 
m3ph_l 3.7 0.1 79.9 2.7 79.9 1 
m3ph_p 73.4 25.4 175.0 20.8 175.1 
%s v/v 95.0 99.7 54.3 87.2 54.3 1 
%1 v/ v 5.0 0.3 45.7 12.8 45.7 I 
SGp 2.57 2.65 1.90 2.45 1.90 
Pso 70.7 37.7 61.2 144.3 16.9 1 
Power 2800 (kW) I 
Pressure 
I 
Size (mm) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) 1 
180 0 0 0 0 ~I 152 1.2 0 0.9 18.8 
106 4.8 0 3.5 7.3 ol 
75.0 10.8 0 7.9 7.6 0 . 
53.0 16.4 0 12.2 7.8 1.4 I 
37.5 14.2 20.3 14.4 7.5 3.7 I 
26.5 7.2 24.4 14.2 7.1 5.7 
19.0 6.7 20.1 11.8 6.3 6.4 
13.2 8.7 14.8 10.3 6.2 7.5 
9.50 7.5 8.3 7.0 4.9 7.0 
6.70 6.5 5.1 5.5 4.5 7.3 
4.75 4.8 2.9 3.8 3.8 6.9 
3.35 3.5 1.6 2.7 3.2 6.5 
2.36 2.5 0.9 1.9 2.7 6.0 
1.70 1.6 0.5 1.2 2.1 5.1 
1.18 1.2 0.3 0.9 2.0 5.1 
0.850 0.7 0.2 0.5 1.4 4.1 
0.600 0.5 0.2 0.4 1.3 3.9 
0.425 0.4 0.1 0.3 1.0 3.4 
0.300 0.2 0.1 0.2 0.9 3.1 
0.212 0.2 0.1 0.1 0.7 2.7 
0.150 0.1 0.0 0.1 0.6 2.3 
0.106 0.1 0.0 0.1 0.5 2.0 
0.075 0.0 0.0 0.0 0.4 1.7 
0.053 0.0 0.0 0.0 0.3 1.4 
0.038 0.0 0.0 0.0 0.2 1.2 
0.001 0.0 0.0 0.0 1.0 5.5 
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Table C.lO: Inferential Model: 1° Circuit- Screen/ Crusher/ Cyclones 
Stream 
I Properties SMDC OSCF OSCP PCFD PCUF PCOF 
tph_s 252.1 67.1 67.1 185.0 146.1 38.9 1 
tph_l 79.9 0.1 0.1 179.2 62.3218 116.9 
tph_ p 332.0 67.2 67.2 364.2 208.4 155.7 1 
%swf w 75.9 99.9 99.9 50.8 70.1 25.0 
%1 wf w 24.1 0.1 0.1 49.2 29.9 75.0 
m3ph_s 95.1 25.3 25.3 69.8 55.1 14.7 
m3ph_l 79.9 0.1 0.1 179.2 62.3 116.9 
m3ph_p 175.1 25.4 25.4 249.0 117.5 131.5 
%s v/ v 54.3 99 .7 99.7 28.0 46.9 11.2 
%1 v/v 45.7 0.3 0.3 72.0 53.1 88.8 
SGp 
' 
1.90 2.65 2.65 1.46 1.77 1.18 
Pso 16.9 43.5 37.7 2.6 3.3 0.1 
Power 42.1 (kW) 
Pressure 57.1 (kPa) 
Size (mro) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) 
181 0 0 0 0 0 0 
152 0 0.0000 0 0.0 0.0 0 
106 0 0.0 0 0.0 0.0 0 
75.0 0 0.9 0 0.0 0.0 0 
53.0 1.4177 7.5405 0 0.0215 0.0272 0 
37.5 3.7 18.8 20.3 0.1 0.1 o I 
26.5 5.7 23.3 24.4 0.2 0.3 0 
19.0 6.4 18.7 20.1 0.5 0.7 ol 
13.2 7.5 13.7 14.8 1.1 1.4 o' 
9.50 7.0 7.4 8.3 1.8 2.2 ol 
6.70 7.3 4.5 5.1 2.8 3.6 ~ I 4.75 6.9 2.4 2.9 3.8 4.8 
3.35 6.5 1.3 1.6 4.9 6.2 ~I 2.36 6.0 0.7 0 .9 5.8 7.4 
1.70 5.1 0.3 0.5 6.1 7.7 ~ I 1.18 5.2 0.2 0.3 7.2 9.1 
0.850 4.1 0.1 0.2 6.6 8.3 o I 
0.600 3.9 0.1 0.2 6.9 8 .7 0 
0.425 3.4 0.0 0.1 6.5 8.3 01 
0.300 3.1 0.0 0.1 6.2 7.8 0 ' 
0.212 2.7 0.0 0.1 5.6 7.1 o.~ I 0.150 2.3 0.0 0.0 5.1 6.4 
0.106 2.0 0.0 0.0 4.5 3.7 7.6 1 
0.075 1.7 0.0 o.o 4.0 0 .0 18.8 
0.053 1.4 0.0 0.0 3.5 0.0 16.5 
0.038 1.2 0.0 0.0 2.9 0.2 13.1 
0.001 5.5 0.0 0.0 14.0 6.0 43.9 
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Table C.ll: Inferential Model: 2° Circuit- Ball mill/ Screen 
Stream 
Properties PCUF SCUF BMFD BMDC BSOS BSUS 
tph_s 146.1 905 1051 1051 3.9 1047 
tph_l 62.3 374.3 436.6 436.6 0.0 451.6 
tph_p 208.4 1280 1488 1488 4.0 1499 
%sw/ w 70.1 70.7 70.7 70.7 99.2 69.9 
%1 wjw 29.9 29.3 29.3 29.3 0.8 30.1 
m3ph_s 55.1 341.6 396.7 396.7 1.5 395.2 
m3ph_l 62.3 374.3 436.6 436.6 0.0 451.6 
m3ph_p 117.5 715.9 833.3 833.3 1.5 846.8 
%s v/v 46.9 47.7 47.6 47.6 97.9 46.7 
%1 v/v 53.1 52.3 52.4 52.4 2.1 53.3 
SGp 1.77 1.94 1.91 1.91 2.62 1.89 
Pso 3.27 0.29 0.36 0.29 25.21 0.29 
Power 2993 (kW) 
Pressure 
Size (mm) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) 
181 0 0 0 0 0 0 
152 0.0 0 0.0 0.0 0.0 0 
106 0.0 0 0.0 0.0 0.0 0 
75.0 0.0 0 0.0 0.0 0.2 0 
53.0 0.0 0 o.o 0.0 1.0 0 
37.5 0.1 0 0.0 o.o 3.7 0 
26.5 0.3 0 0.0 0.0 10.9 0 
19.0 0.6 0 0.1 0.1 24.2 0 
13.2 1.4 0.0 0.2 0.2 49.2 0.0 
9.5 2.2 0.2 0.5 0.2 10.8 0.2 
6.70 3.6 0.2 0.7 0.2 0 0.2 
4.75 4.8 0.2 0.8 0.2 0 0.2 
3.35 6.2 0.1 0 0.1 0 0.1 
2.36 7.4 0.2 1.2 0.1 0 0.1 
1.70 7.7 0.2 1.3 0.2 0 0.2 
1.18 9.1 0.4 1.6 0.3 0 0.3 
0.850 8.3 0.6 1.6 0.5 0 0.5 
0.600 8.7 1.2 2.2 1.0 0 1.0 
0.425 8.3 4.1 4.7 3.5 0 3.6 
0.300 7.8 8.1 8.1 7.0 0 7.0 
0.212 7.1 57.7 50.7 49.7 0 49.9 
0.150 6.4 13.2 12.2 13.8 0 13.8 
0.106 3.7 0.6 1.0 2.6 0 2.6 
0.075 0.0 0.8 0.7 2.0 0 2.0 
0.053 0.0 1.0 0 .9 2.0 0 2.0 
0.038 0.1 1.1 1.0 1.9 0 1.9 
0.001 6.0 10.2 9.6 14.4 0 14.5 
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Table C.12: Inferential Model: 2° Circuit- Cyclones 
!I Stream I I Properties BSUS I PCOF SCFD SCUF I SCOF 
tph_ s 1047 38.9 1086 905 181.0 
tph_l 451.6 116.9 679 374.3 304.8 
tph_p 1499 155.7 1765 1280 485.8 
%sw/w 69.9 25.0 61.5 70.7 37.3 
%1 wfw 30.1 75.0 38.5 29.3 62.7 
m3ph_s 0.4 0.0 0.4 0.3 0.1 
m3ph_l 451.6 116.9 679 374.3 304.8 
m3ph_p 847 131.5 1089 716 373.1 
%s v/v 46.7 11.2 37.6 47.7 18.3 
%1 vfv 53.3 88.8 62.4 52.3 81.7 
SGp 1.89 1.18 1.69 1.94 1.30 
Pso 0.3 0.1 0.3 0.3 0.1 
Power 
Pressure 149.3 (kPa) 
I 
Size (mm) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) wt rtd (%) 
181 0 0 0 0 0 
152 0 0 0 0 0 
106 0 0 0 0 0 
75.0 0 0 0 0 0 
53.0 0 0 0 0 0 
37.5 0 0 0 0 0 
26.5 0 0 0 0 0 
19.0 0 0 0 0 0 
13.2 0.0 0 0.0 0.0 0 
9.50 0.2 0 0.2 0.2 0 
6.70 0.2 0 0.2 0.2 o I 
4.75 0.2 0 0.2 0.2 0 
3.35 0.1 0 0.1 0.1 0 I 
2.36 0.1 0 0.1 0.2 0 
1.70 0.2 0 0.2 0.2 o I 
1.18 0.3 0 0.3 0.4 o I 
0.850 0.5 0 0.5 0.6 0 
0.600 1.0 0 1.0 1.2 oj 
0.425 3.6 0 3.4 4.1 o I 
0.300 7.0 0 6.7 8.1 0 . 
0.212 49.9 
I 
0 48.1 57.7 o.1 I 
0.150 13.8 0.1 13.3 13.2 14.0 
0.106 2.6 7.6 2.8 0.6 14.0 
0.075 2.0 18.8 2.6 0.8 11.7 
0.053 2.0 16.5 2.5 1.0 9.8 
0.036 1.9 13.1 2.3 1.1 8.2 
0.001 14.5 43.9 15.5 10.2 42.2 
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Figure 0.8: Module 1 Shift Communication Book Sheet- 11 October 1997 
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SECTl" fv\( C:&/Nhttvcj BATE {1- { (0 / Cf"J 
Nltht Shifl 
~ Pljr,.'i~kt/ w·N £~ 3 .. ~ 1 Sf~ '\ 
uur u ~ f t...Dvt.~ . d.M"' :ltre v...J;l ~ -fb..t 
k1) s.Jvcp WMI. 98Ytt. 
Pv"'.-.:"'!J ) t ~ ut~~ , ~ l.vts fu Sof?+d" -k£ot 
bv+ 5-h·l, ~~ vp aCCA.!.>~~ . 6 ;s otc. 
~ {) ... .o.t{d '-v; (J -vr P,[()vvtd. ~p oC. ft9u~~ w-{ 
") 
/i c.. ftw -i:n4.S . V,v;to£;"1 vp ~c S, '{u~·~~. ...... 
.J &,.vy + ""': ll ~¥ ~~~ Wl'Y of\ 5o· =if!.... . 
Day Shift 
LS~~ £-f-+.qS are w~ w . IJ~ +o b.t. Ct~d... 
w~'\...u{ ()( ~~'tl . Took ON: =e:rw ou+ ()f-
--.:><.So.._:} .sef~ ~~ ~( 0'\.eW. 
l( c.r-~,d ~"'. ~ keen +Clo Q~.o..sL. ~ s~4. -1 
fi:.~::;:~z='L~?· 
h Wo4.  . . · 
.. 'u t'Y.O · -1fc.4 "=- ....,g: !~ I 
Atteraoon Sb 1ft 
'Jp;;:j:z 44ft?.:':~:~ ?lw« __ 
. ,? . /. ~ ,. a11 4.; ,tGf &s.t:< OJ( tb>.. a..,_ ~ ore; , r= ~ 
-4 - lr ,. 
i &;+fe ,4 ~drl-~- .izt kLy ,~rid~~ ~ 
~~~ ~JL,, .;__,( ~ lz..-p=J ,,u..,_, ~ . 
IJ /v
l ~ 1'1'~-!24 
Figure D.lO: Module 1 Shift Communicat ion Book Sheet- 12 October 1997 
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Figure D.l2: Module 1 Shift Communication Book Sheet - 13 October 1997 
~ 
~-
t1 
1-' 
CJ,:l 
~ g. 
(;)" 
1-' 
GJ 
"'' s· 
p.. 
s· 
Otl 
t""4 
aa 
if 
rt-
....... 
~ 
0 
C'l 
rt-
0 
0" 
lll 
....... 
tO 
tO 
'"'I 
~t , .. -~: -~--;,RINDING. MILLS & CYCLONE CLASST._PTC.ATlON MbDULE 1 I 
.,_.,. ID f 7 IN............... "$c.JL. .,/c. 7..:;"'(/,.,..,_... 
. ~, 
.,.,_. IS=! .}.;_, ~ > ~ ~~-~~~- nc-.-
nr.ANr.r.AnR;,. 5L p;++j IUMII~· ~tii"ezet;;;? TI'.AM~ 
""' 
li 
'6iiia 
~ 
...... 
ii» 
,._-
iOM' 
iiiiO 
i::»"' 
;'iii\ 
,.., 
.!.!!:!!.. 
"""' iiQO 
iliii' 
~ 
.,. 
_")~- · ::1£ 
~ 
m 
iiO 
'IQ 
1]1 
~ 
ji; . , "' Itt! 
- . -
,, I '@ 1..:1 -
fA i.i ..... -
,,..., '0 
~ ~· 
31 
l .. ,...,., __ ..., ...  ......_.cwc.,_,l, PlANT ... ,::;1#1-=.;:;ol ::1;;1~1 :.l:i:l.:<:i:l.=l ;;;;' . .,;:::, ==-t-j -:::M:--~'"'" 
1.0'1 
1,::1~ 
I 
,.., I "12 I 11Z 
<o1li-
MI 
~ 
Mlr-ne:1'&. 
...!..!:.....-! 
.. .. 
'"" .. 
. 
It!!~ 
~ 
a.-. • .L~JUII'Itc»f 
... 
-
'"""' -&.44 .. 
-1----
-- ' 
·~,., 
...... ,P.D 
..... -
""'""" -....- ,_... Hf' 
--
lAO 
~lt-::,c• 
·-· 
-2>00 /I'L 
-
•• . 1.,... ~ 
"""' 
\1 
"""' 
.... 
0>00 t"Z.+ 
~-
-,.;: 
....., ,, 
ffl~ . 
-:.-
\.AStt IUJTA110f'il 
-: •I =:: ~~-
......,..t ,-.... . . ~ ...... 
,....., 
"if" 
~~ 
·-
I""" -.. 
-...22S:,- 1 ' ... 1 
tt-l-
~ -~JJ.., 
~ 
~ 
It I" - --~.-..=.; __ _ ,..,! ,"\~ ..: 
.. .. "4-~ ...... .. ::::~*.tr .,._ ~; 
r-~ .... Tr'~~~.~~10~ 
......,.tll""lrriir.T lv..•· 
...... F 1£c.~ r bt! 
....... .• -',. " lN 
l,rj'7"2 
,~OS" ,,,7 
'~ -
-- ---cv. -----
uo1w t!k'tJS' -....... ·~ lff'477 ~ ·;c ' .. -:u:z::::: 
..-'7'-
~ 
~,. 
'""" ,., ,~00 gq. 
·-
,,.., 
'IL :4i 
~· 
11 .... ... ,..., ·~ .... {'L'l_ 
ate~ IIAl" Cri"-"K _2300~1 '] 
--
I 
-:: ~ 7V 
.. ;. t. r r· 
tot..t. ~-,..~IU 
·-r "'''fS" 
- .,r..., 
'" 
~--o'itii 
' ·, ... Ml .,.. 
I I ' 
-----
---
--
-
--a--
-
,.. 
i! I 7! 
~ 
l'OT '51 
~~ l-"11: 
"1:2. 
rv. 
1 
.f 
( 
I 
. 
1 
wo 
P"::r ~ ~ ~.,... 
"' CD 
.... 
t:::l 
z 
0 
.... 
.,... 
P" 
"0 [ 
~ 
::s 
~ 
Q 
:::!. 
5. 
s· 
(lq 
0 
~:; · 
(') 
~ 
~ 
b ~ 
~ 
..... 
"' § 
~ 
C/) 
::r $ 
0 
0 
s 
~ 
::s 
~r 
.,... g' 
to 
0 
~ 
~ 
~ 
00 

OL
& 
Sl
a~
H{
S 
:>
yo
oa
 u
o
n
t?
:>
!r
m
w
w
oo
 ~!
l-I
S p
Ut
? 
sl
aa
q~
o'
I 
~nn
:>l
!O 
~u
1p
up
o 
sa
u
!w
 sa
:>
yJ
T?
dq
llO
N 
·
a 
la
ld
-e
qo
 
Chapter D. Northparkes Mines Grinding Circuit Logsheets and Shift Communication Book 
Sheets 371 
-
SHIFT COMMUNICATION BOOK 
_.-4 
NORTHPARKE! 
SECTION Jft.t ~t!tNb,._,C, DATE It; / toJ..:l-z __ _ 
Night Shift 
~JL__~ 1>d)N 'I G#'\Nr..ii. lr iltt.).)t; ltr{c.rP,.-
]i) INute;Y-tSe- ToNt-J~$ ~ 10, 
_ ~· 4h,£ ~erH b~'e.J ~3~..., , ... l..vc.A;~ •· , ~ 1.. ~ 
___ 1(\J.ettl o,t ~ -!4.o.J w~cJ., S~ppa.J: ±Lc> ~vi.(.,~---
OM! 8-'t. H- "' - ~!A. -to r~~+_ ~ 
Jt "To.f(t.J lif .baJ.i tJ.,..~ of f . Q'!.}., 1 ~t,oo..JLA ""'OI.-J 'o-1 
o.·~ ~ Alt ~·=·"'f-'-· ---
~ av~"';'V'\ J-16. .J rt"Z Jt..v..~ , bvf f.·M ~ovtel (..: !4(. o'f. 
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Figure D.16: Module 1 Shift Communication Book Sheet- 15 October 1997 
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